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Cement-based materials are the most produced in civil construction due to their versatility and
durability. However, new admixtures have been widely studied and applied for better
performance, especially when it comes to curing processes. The hybrid nanocomposite
hydrogels, characterized by their hydrophilic characteristics of water absorption and release,
stand out as promising agents for internal curing in cementitious matrices. This study
proposed to analyze the physical, chemical, and morphological properties of hydrogels based
on polyacrylamide, carboxymethylcellulose, and three different concentrations of Cloisite Na*
in two different swelling media (distilled water and filtered solution of water+Portland
cement) and to evaluate the effect of applying 0.5% (wt/wtcement) Of these presoaked hydrogels
on the fresh and hardened state properties of cementitious mortars (1:2.16 and 0.40 w/c ratio).
The results showed that the hydrogels provided reductions in slump flow of up to 4.8% for
AHN20 mortars and exudation rate for the fresh state. These observations allowed us to
evaluate that the increased concentration of nanoclay in the polymer interferes directly in the
kinetic parameters of hydrogels and contributes to greater water retention, which may reflect
better hydration and reduction of pathologies. As for the results in the hardened state, it was
possible to evaluate that the type of curing of the samples was an important factor since there
were no variations in densities (2.18+0.02 g/cm3) of all samples, indicating that the hydrogels
were partially or fully swollen during the tests. Loss of mechanical strength was observed, but
at 28 days for AHN20 mortars, the results were similar to the control, which corroborates the
percentage of voids found. In this case, both mortars had a lower rate of voids when compared
to AHNO and AHN10 mortars and consequently better performances in their mechanical
properties. The concentration of nanoclay in the hydrogel controls water release, as observed
from the results of mass loss and plastic shrinkage that reduced as this concentration
increased. The SEM images allowed us to evaluate that the more uniform matrices with
higher mechanical properties, with few pores or micro-cracks. It is concluded that hybrid
hydrogel nanocomposites can be applied as internal curing agents, especially those produced
with 20% (wt/wt of CMC+AAm) nanoclay. Because its more controlled release allowed
reducing porosity, water absorption, shrinkage, and significantly acting on the mechanical
properties thus, this type of polymeric additive can be an innovative material for water control
improvements in cementitious materials technology.

Keywords: Absorbent polymer, hybrid nanocomposite, civil construction, Cloisite Na*,
internal curing.
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RESUMO

Os materiais de base cimenticia sdo os mais produzidos na construgdo civil devido a sua
versatilidade e durabilidade. Contudo, para melhores desempenhos, novos aditivos vém sendo
amplamente estudados e aplicado, principalmente ao que se refere aos processos de cura.
Destacam-se entdo o0s hidrogéis nanocompdsitos hibridos caracterizados por suas
caracteristicas hidrofilicas de absor¢éo e liberacdo de agua, como promissores agentes de cura
interna em matrizes cimenticias. Este estudo se propds analisar as propriedades fisicas,
quimicas e morfoldgicas de hidrogéis baseados em poliacrilamida, carboximetilcelulose e trés
concentracOes diferentes de Cloisita-Na* em dois meios diferentes de intumescimento (agua
destilada e solugdo filtrada da mistura de agua+cimento Portland), e avaliar o efeito da
aplicacdo de 0,5% (m/mcimento) destes hidrogéis pré-intumescido nas propriedades do estado
fresco e endurecido de argamassas cimenticias (1:2,16 e relacdo a/c=0,40). Os resultados
demonstraram que para estado fresco os hidrogeis proporcionaram reducdes no slump flow de
até 4,8% para argamassas AHN20, alem de menor taxa de exsudagdo. Estas observacdes
permitiram avaliar que o aumento da concentracdo de nanoargila no polimero interfere
diretamente nos parametros cinéticos dos hidrogéis e contribui para maior retencédo de agua, o
que pode refletir em melhor hidratacdo e reducdo de patologias. Quanto aos resultados no
estado endurecido, foi possivel avaliar que o tipo de cura das amostras interferiu nos
resultados, ja que ndo ocorreram variacfes nas densidades (2,18 + 0,02 g/cm?3) de todas as
amostras, indicando que os hidrogéis encontravam-se parcialmente ou totalmente
intumescidos durante a realizacdo dos ensaios. A perda de resisténcia mecanica foi observada,
contudo aos 28 dias para as argamassas AHNZ20 os resultados foram similares ao controle, o
que corrobora com a porcentagem de vazios encontrada. Neste caso, ambas argamassas
tiveram menor porcentagem de vazios, em relacdo as argamasssa AHNO e AHNI10, e
consequentemente melhores desempenhos em suas propriedades mecénicas. Destaca-se
também, que a concentragdo de nanoargila no hidrogel controla a liberagdo de &gua, sendo
observado a partir dos resultados de perda de massa e retracdo plastica que reduziam a medida
que esta concentracdo aumentava. As imagens de SEM permitiram avaliar que as matrizes
com maiores propriedades mecénicas sdo mais uniformes, com poucos poros ou
microfissuras. Conclui-se que o0s hidrogéis hibridos nanocompoésitos podem ser
potencialmente aplicados como agentes de cura interna, em destaque para os produzidos com
20% (massa/ massa de CMC+AAm) de nanoargila, uma vez que sua liberacdo mais
controlada permitiu reduzir aspectos como porosidade, absorcdo de &gua, retracdo e atuar
significativamente nas propriedades mecénicas. Assim, este tipo de aditivo polimérico pode
ser um material inovador no para melhorias no controle de 4gua na area da tecnologia de
materiais cimenticios.

Palavras-chaves: Polimero absorvente, nanocompdsito hibrido, construcdo civil, Cloisita
Na*, cura interna.
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1.1 OVERVIEW

Cement-based materials are defined as some products obtained from the use of a
cementitious medium [1]. These are generally characterized by the basic mixture of a
hydraulic binder with the presence or not of aggregates [2], whose chemical reactions of
setting and hardening occur in water presence [3-5].

Portland cement is widely used as a binder [6], confirmed by the high global
production of approximately 4100 Mt in 2019 [7]. Recent data showed that cement production
in Brazil was about 4.7 Mt in February 2021, representing an increase of around 14%
compared to the same period in 2020 [8]. Thus, it is important to know that cement
production is complex. It involves four main stages, such as crushing and grinding of raw
materials, homogenization of the materials (limestone, clay, iron oxides, etc.) [9] in the
correct proportions, burning the prepared mix in a rotary kiln at 1450 °C [9], and grinding
clinker together with gypsum.

Calcium sulfate or gypsum is added to the clinker in small concentrations (~5%) to
control the setting time due to the high clinker reactivity with water [8]. Elemental clinker
chemistry composition presents around 67% CaO, 22% SiOz, 5% Al203, 3% Fe203, and 3%
other compounds. Four phases are denominated calcium trisilicate or alite (CsS), calcium
disilicate or belite (C2S), tricalcium aluminate or aluminate (CsA), and tetracyclic iron or
ferrite (C4AF) are formed. They are responsible for the hardening and strength increase
because of the reaction these with water [10].

Thus, CsS and C:S silicates are important compounds for cement materials because
their contact with water is responsible for forming hydration products, such as hydrated
calcium silicate (C3SzHs) or C-S-H gel. In addition, some amounts of crystalline calcium
hydroxide Ca(OH)2 or portlandite [1], whose chemical reactions are expressed by Equations
1.1and 1.2 [6, 10]:

2(3€a0.Si0,) + 6H,0 — 3Ca0.2Si0,.3H,0 + 3Ca(OH), Equation 1.1
2(2€a0.Si0,) + 4H,0 — 3Ca0.2Si0,.3H,0 + Ca(OH), Equation 1.2

CsA presence in Portland cement contributes poorly to strength development, but it
can be beneficial in manufactured types of cement where they facilitate silica and limestone

combinations [11]. It should be noted that CsA reactions with water (Equation 1.3) are fast



and could cause a quick hardening that can be prevented with the gypsum addition to the
clinker [6].
3Ca0.Al,05 + 12H,0 + 3Ca(0H), — 3Ca0.Al,05.Ca(0OH),.12H,0 Equation 1.3

Its reaction with the gypsum results in ettringite crystals, as presented by Equation 1.4
[10].

3Ca0.Al,04 + 10H,0 + CaSO0,.12H,0 — 3Ca0.Al,05.50,.12H,0 Equation 1.4

C4AF is also present in cement in small quantities compared to the other three
compounds, and it does not significantly affect the cement-paste behavior. However, CsAF
reacts with the gypsum resulting in calcium sulfoferrite that can accelerate the hydration of
silicates [1, 11]. C4AF reactions with water (Equation 1.5) are slower concerning CsA, and

these can result in a final compound based on iron (111) oxide or hydroxide.

4Ca0.Al,05.Fe,05 + 10H,0 + 2Ca(OH), — 6Ca0.Al,05.Fe,05.12H,0 Equation 1.5

Although the chemical reactions involved in the hardening and strength gain are
complex, aspects such as easier handling, good mechanical properties, and durability,
performance satisfactory [12] of pastes, mortars, or concretes, depending on their combination
or not with aggregates [13], make Portland cement the second material most used in the civil
construction world rank [14].

Pastes, mortars, and concretes as main cement products are widely researched to
obtain materials with satisfactory properties in their fresh and hardened states [15]. The main
purpose is to develop cementitious composites to reduce pathological manifestations such as
plastic shrinkage, cracking, increased permeability and porosity, and improve their durability
and performance [16] over time. In this way, the development of new admixtures contributes
to the insertion of chemical concepts in the construction industry to produce special
cementitious materials [17] with better physical properties, such as increased setting time,
reduced water/binder ratio, porosity, and shrinkage reduction [18].

Several mitigations strategies to avoid pathologies are based on the use of admixtures.
Thus, these are most frequently applied to aid in controlling the dosage of water, once it is one

of the elements that can change the properties of cementitious materials in their fresh and



hardened states. Water control in cementitious materials is important because the hydration
degree changes the mechanical behavior since effective cement particles' hydration results in
a homogeneous microstructure [19, 20] and, consequently, a denser matrix.

In this way, hydrogels acting as a polymeric additive can contribute to the internal

hydration of cement-matrix and act as small reservoirs of slow-release water.

1.2 HYDROGELS

Hydrogels are also known as hydrophilic absorbent polymers. They are three-
dimensional (3D) cross-linked chain materials [21, 22] synthesized from synthetic, semi-
synthetic, or natural raw materials whose main function is to absorb large amounts of water or
other fluid [23] and release it later. Some authors define hydrogel as polymeric systems
capable of swelling in water and retaining a significant fraction (>20%) of water inside their
3D structure without dissolving in this medium [21, 24]. The water storage of the hydrogels
occurs from polymeric chain expansion due to the repulsion from the hydrophilic groups
present on polymeric chains such as -OH-, -NHz-, -COOH-, -CONHz-, -SOsH- [25, 26].

The interaction between chain networks and water is through capillary, osmotic, and
hydration forces causing expansion of these chains [21, 27]. Thus, when the osmotic and
hydration forces are counter-balanced with the elastic forces, the hydrogel no absorbs more
water, reaching its swelling equilibrium [28, 21]. Such equilibrium state of these absorbent
polymers determines some properties, such as internal transport, diffusion characteristic, and
mechanical strength [29].

Hydrogels can be classified from the chemical nature of their side groups, the type of
the chemical crosslinking, the type of raw material, etc. According to the side groups,
hydrogels can be neutral when the side groups have no electrical charge or ionic, when side
groups dissociate and they interact with other elements, i.e., they have positive (anion) or
positive (cation) charges [30-33]. Classification from the crosslinking process is based on the
type of three-dimensional networks established by polymer synthesis, which allows these to
be denominated chemical, physical [34], or biochemical hydrogels [35]. Chemical-type
hydrogels are characterized by chemical cross-links (covalent bonds). They can no longer be
undone [36, 37] because the covalent bonding introduces mechanical integrity and
degradation resistance to the hydrogel. While physical hydrogels are formed by physical
interactions such as van der Waals forces and hydrogen bonds, their networks can be undone

through a change in environmental conditions such as pH changes, temperature, or saline
4



solution [38, 39]. In biochemical hydrogels, biological agents like enzymes or amino acids
participate in the gelation process [35]. As mentioned, another important classification of
hydrogels is about the constituent raw material of their matrices, which can be based on
natural, semi-synthetic, or synthetic polymers. Natural hydrogels are synthesized from
biodegradable materials such as polysaccharides [40], alginate [41], cellulose and their
derivatives, pectin, gelatin, chitosan [42], etc., and they are considered as ‘ecologically-
friendly products due to their renewable and non-toxic sources [43]. All of these materials are
naturally abundant. They present satisfactory characteristics to their synthesis, such as
biocompatibility [41, 44], water-solubility, a high swelling degree that permits a wide range
of chemical structures [45]. On the other hand, this hydrogel type presents a low mechanical
resistance, but the association with synthetic raw materials during the synthesis process can
improve it [45].

Remarkably, some natural hydrogel applications are in drug delivery systems, tissue
engineering [46], and agricultural field due to their unique characteristics such as satisfactory
hydrophilic network and adsorption capacity [47], low-cost and straightforward synthesis,
non-toxicity of the final material, and easy application [48].

Synthetic hydrogels are materials commonly applied in numerous fields due to their
interesting properties, such as large water absorption capacity and reasonable strength and
cost [21]. Typically, synthetic hydrogels are obtained from raw materials like
poly(hydroxyalkyl methacrylates), polyacrylates, poly(acrylic acid), polyacrylamide, and
polymethacrylamide and its derivatives as poly(N-vinyl-2-pyrrolidone) and poly(vinyl
alcohol), among others [21]. In addition, these polymers are applied in effluents treatment
[42], as drug release systems, and medical field [49].

Sometimes, it is necessary to develop blends using natural and synthetic materials to
obtain polymeric matrices that include the properties of natural and synthetic polymers
simultaneously. First, however, it is important to understand the interaction between the two
components so that the semi-synthetic hydrogel obtained can satisfy the application needs
[50].

1.3 HYBRID HYDROGELS

Hybrid hydrogels are polymers composed of chemically, functionally, and
morphologically distinct blocks, including natural, synthetic raw materials or

nano/microstructures interconnected via physical or chemical means. In this way, the type-
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hydrogel has been developed to improve existing formulations and to expand the range of
applications [51]. Thus, this research is based on applying nanocomposite hybrid hydrogel
based on polyacrylamide (PAAm), carboxymethylcellulose polysaccharide (CMC) Cloisite
Na* nanoclay in cementitious matrices. The choice for this hybrid hydrogel was based on the
properties of each component to obtain a hybrid nanocomposite with appropriate
characteristics to be applied as an internal curing agent for cementitious materials.

Firstly, it is important to understand the contribution of each raw material used in
hydrogel formulations and its impact on the final behavior of the polymer obtained.
Hydrogels based on polyacrylamide (PAAmM) have been applied frequently in several areas
(agricultural, biomedical, pharmaceutical area) [52] due to their properties, such as high
hydrophilicity and good mechanical behavior. They are synthetized from synthetic acrylamide

(AAmM) monomer (Figure 1.1).

/ NH,

O

Figure 1.1 — Representative chemical structure of acrylamide (AAm) monomer.

Polyacrylamide hydrogels consist of a covalent polymer network and water; under
ordinary conditions, the polyacrylamide network is stable, and water is mobile into the
polymer network [53]. Because of their mechanical properties and hydrophilicity, this type-
hydrogel has been widely used as the main base in developing new types of absorbent
polymers [54].

Another interesting type of absorbent polymer widely researched is the
polysaccharide-based hydrogel due to its biocompatibility, biodegradability, high water
absorption capacity, and production from renewable raw materials [55,56].
Carboxymethylcellulose (CMC) (Figure 1.2) is a cellulose derivative [57], and its main
properties are water-soluble anionic polysaccharide, non-toxicity, biodegradability [58], and
owning its features, CMC is used in various areas such as food packaging [59], drug delivery

[60] and tissue engineering.
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Figure 1.2 — Representative chemical structure of carboxymethylcellulose.

Moreover, CMC can be obtained by reacting cellulose with sodium hydroxide [61]
and monochloroacetic acid. This procedure is necessary because cellulose is hydrophilic but
insoluble in water due to the polymeric chain more crystalline. Their derivatives such as
methylcellulose (MC), carboxymethylcellulose (CMC), hydroxypropylcellulose (HPC)
acquire high water solubility because there is a partial substitution of the hydroxyl groups
present in the cellulose chains by methyl, carboxyl, and hydroxypropyl groups, respectively,
reducing the dense packing and causing physicochemical changes compared to cellulose [62].

CMC-based hydrogels have a high degree of swelling in water due to the repulsion of
the functional carboxylate groups (COO"). However, to improve the mechanical stability of
these hydrogels, it is common to synthesize them with synthetic raw materials [63] and to add
reinforcing agents such as clay minerals.

Combining these natural and synthetic materials with mineral clay allows the
development of hybrid nanocomposites, as reported in the literature [64]. A mineral clay-type
often used in nanocomposite hydrogels synthesis is the Cloisite Na* [65-67], a type of
montmorillonite (MMT) sodium nanoclay.

Cloisite Na* nanoclay has a chemical structure compound by an octahedral alumina
sheet between two tetrahedral silica sheets [68], as shown in Figure 1.3, and it can be used
due to their excellent cation-exchange capacity, high specific surface area, functional swelling

capacity, high platelet aspect ratio, and easy surface modification [69].



0.0
Tetrahedral Silica _ S/\\ O\S//\\S 20 //\\\Si/ ~ //\\SI/
| I
et AL AN ALAL A
L oc|)0 cl) (|)
(o] 0] 0] o o}
Tetrahedral Silica _| Sl I H SIi S| H SI S| H S| S|
Sheet LHO/ \ O/ \s\// L l\\ |\ - |\\ I
o © og o B8g ©
Na+ N
Interlayer space s Na+ g Na+
(0] 0 O O
Ho 2R o 2] o 2o 2 o
Si Si Si Si Si Si Si
SN
6. oo ofo als <
AUAL AR ACAL A
0] 0} O o
NP LPLE
Pl =] NG i i i
AN A O\ e RS s
HOUBg O %d O Bg 9 g ©

— Basal spacing

— Layer 2:1

Figure 1.3 — Structure of MMT Cloisite-Na* nanoclay, adapted from Bao e?.al, 2015. [70]

During the nanocomposite synthesis, three different configurations can be obtained

concerning the dispersion of clay nanostructures into hydrogel (Figure 1.4)

: (i) Intercalated, in

which the hydrogel chains are penetrated among the clay platelets, without affecting its

structure [69, 71]; (ii) Exfoliated, when the clay platelets are completely dispersed in the
polymeric matrix [72, 73]; (iii) Intercalated-exfoliated: junction of both [74, 75]. The most

interesting dispersion to nanocomposites is the exfoliated configuration because its increases

the polymer-clay interactions.
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Figure 1.4 — Type of mineral clay dispersion in the hydrogel, adapted from Bensadoun et al.

[76]



Notably, the manner as the clay is dispersed in the hydrogel matrix can modify the
behavior of these nanocomposites. For instance, Cloisite Na* nanoclay in the polymer
demonstrated that it releases kinetics slower while its concentration increases in the polymer
matrix [77]. Thus, the nanoclay presence on the polymeric matrix provides an increase in
physical crosslinks, reducing both the amount of water released over time and the release time
of the hydrogels [78]. In addition, mineral clay, when is associated with a polysaccharide, as
carboxymethylcellulose (CMC) or others [79], can also improve the hydrophilic properties of
these systems [80].

In this way, semi-synthetic hydrogel modified with nanoclays is a technological and
innovative material for future application in construction civil, whereas their good properties
of water retention and release are very interesting to the internal curing process in cement

materials.

1.4 MOTIVATIONS AND JUSTIFICATIONS

The construction industry is an essential economic field that continues to grow
worldwide due to housing shortages and population growth [81]. This expansion allows new
materials to be developed to improve aspects such as durability and building performance.

Noteworthy is the high consumption of cement in pastes, mortars, and concretes since
these are materials present good mechanical properties and easy handling and application. In
this aspect, mortars as heterogeneous composite materials [82] can have multiple applications,
either as a binding material for sealing elements (blocks, bricks, and stones) or as surface
coatings and ceramic tile bases [83].

However, this cementitious composite has some characteristics that compromise its
mechanical performance, such as low resistance to cracking, small deformation, and low
flexural strength compared to compressive strength [84]. Some mortars can present porous
microstructure, facilitating the transport of water inside and thus cause chemical damage to
the structure due to the transport of some ions [82]. Thus, new materials have been developed
and applied to improve the physical and mechanical properties and therefore ensure the
reduction of pathologies of these cementitious materials [16].

One of the strategies to overcome these disadvantages is applying chemical additives
as an integral part of the dosages of these materials [12]. Because one of its advantages lies in

the fact that its use can alter the water/binder ratio without modifying the dosage of the other



constituent materials to improve the mechanical properties and maintain its workability [18,
85].

The purpose of developing and applying an auxiliary alternative to the traditional
curing procedures of cementitious materials, commonly performed externally, through the
application of coatings or wet curing by immersion [20] is one of the justifications for
applying this type of hydrogel in cementitious matrices. Furthermore, the application of
hydrogels as a component of cementitious materials is a way to ensure that part of the dosage
water is stored in its polymeric matrix to be later released, besides increasing the internal
moisture and assisting in the hydration of cement particles.

Several studies [25, 85, 86] in the literature indicate the application of commercial
superabsorbent polymers (SAP) in cementitious matrices. The innovation of this thesis is in
developing a semi-synthetic hybrid nanocomposite based on a polysaccharide and a mineral
clay with hydrophilic, biodegradable, and mechanical characteristics suitable for more
controlled release kinetics [86].

The application of polysaccharides like carboxymethylcellulose (CMC) is a good
option for the preparation of hydrogels because it has ionizable carboxylic groups in its
chemical structure, increasing the hydrophilicity [47] of the polyacrylamide (PAAmM)-based
nanocomposite.

Clay minerals in nano and micro scale are commonly present in the constitution of
nanocomposites because they provide high thermal stability, good gas barrier properties [87],
good mechanical resistance, high degree of swelling, and adsorption capacity [47]. Thus,
these nanoclays can improve the water release process [87] inside the cement matrix due to its
improvements in the hydrogel's hydrophilic properties [88].

The motivation for this study is because the semi-synthetic hydrogels based on PAAm,
CMC, and Cloisite Na™ nanoclay may present similar or better behaviors to commercial
synthetics when applied in cementitious matrices, which make these polymers technology
attractive to the construction industry, as smarties internal curing agents. For this, the analysis
of the behavior in the fresh and hardened states of mortars produced with these hybrid
nanocomposite hydrogels was performed and discussed in detail in this thesis.

As hydrogels can absorb and release water as an internal curing agent, this can lead to
the swelling of the polymer particles, which causes changes in the porous structure of the
cementitious materials, affecting their properties in the hardened state. In this sense, the

synthesis of the hybrid nanocomposite hydrogel took into account three different
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concentrations of Cloisite Na* nanoclay to verify the influence of this component in the
process of water release by the polymer in aspects such as hydration of the cement and the
changes of the mechanical properties of the mortar.

Thus, the guarantee that cementitious composites can have good physical and
mechanical properties throughout their useful life, such as improvements in water retention
[89], modifications in workability [16], reduction of shrinkage and cracking by water
evaporation [90] from adequate hydration of the cement particles, assumes that it is necessary
to establish greater control over the availability of water in the cement matrix [91], and this

condition can be remedied with the application of a controlled release absorbent polymer.

1.5 OBJECTIVES

The general objective of this study was to evaluate the effect of the application of
hybrid nanocomposites based on hydrogel and Cloisite Na* nanoclay on the properties of
cementitious mortars in fresh and hardened states. For this, the following specific objectives

were proposed:

v To analyze the physical, chemical, and morphological properties of hybrid hydrogels
containing different concentrations of Cloisite Na* nanoclay, having two different
swelling media, i.e., distilled water or in solution from the filtrate of the water+cement
mixture.

v" To develop cement mortars (dosage 1:2.16 and wi/c ratio = 0.40) based on cement,
sand, water, and 0.50% (wt/wt concerning cement) of the pre-soaked hydrogels their
hybrid nanocomposites. Remarkably, 4 different systems have been used: - reference
system or only cement mortar; - mortars containing different concentrations of
Cloisite Na* nanoclay (0, 10 and 20% wt/wt acrylamide + CMC) in their polymeric
matrices;

v' To determine the effect of the different types of hydrogels, in the proposed systems,
on the physical, mechanical and structural properties of the mortars, in their fresh
(workability, density, incorporated air, water retention, exudation index) and hardened
state (strength compressive, tensile and flexural, bulk density, dynamic and estatic
elastic moduli, voids, capillarity index, water absorption, loss, and mass variation);

v To verify the effect of hydrogels, as potential agents of internal cure, in the control of

plastic shrinkage and morphology (SEM) of the microstructure of the cement matrix.
11



1.6 THESIS STRUCTURE

For a better presentation and discussion of the results, this thesis was structured into 7

chapters:

CHAPTER 1: Overview of the main concepts of the thesis, besides the presentation of

justifications and proposed objectives.

CHAPTER 2: Material and methodology for hydrogel synthesis and mortar productions.

CHAPTER 3: Main definitions and analyses about water absorption behavior, Kinetic
properties, and structural characterizations of polymer hydrogels containing Cloisite Na*
nanoclay, using distilled water and solution filtered of Portland cement + water as swelling

media, will be presented.

CHAPTER 4: At this moment, the properties in the fresh state of cement mortars produced
with the addition of hybrid nanocomposites based on hydrogel and nanoclay will be analyzed.
The results obtained for the physical properties of workability, the density of the mortar in the

fresh state, incorporated air, water retention, and exudation index will also be discussed.

CHAPTER 5: This chapter will present the mechanical properties of cementitious mortars
cured internally with hybrid nanocomposites based on hydrogel and nanoclay. The approach
is based on discussing the results obtained for the properties of compressive strength, tensile

and flexural, density in the hardened state, dynamic and elastic moduli.

CHAPTER 6: The effect of applying hybrid nanocomposites based on hydrogel and
nanoclay will be presented as a potential application for shrinkage reduction, water absorption
in cementitious materials, and its effect on capillarity properties, water absorption by

immersion, mass loss and variation, and scanning electron microscopy (SEM);

CHAPTER 7: Finally, the most relevant final considerations on the application of these
hydrogels as internal curing agents of cementitious mortars and their effect on the properties

of the fresh and hardened states will be exposed in this chapter.
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2.1 HYDROGEL SYNTHESIS

Three types of hybrid nanocomposite hydrogels composed of polyacrylamide
(PAAmM), biodegradable polysaccharide carboxymethylcellulose (CMC), and Cloisite Na*
nanoclay were obtained through free radical polymerization (Figure 2.1), following the

procedures described by Aouada et al. [3] and Nascimento et al. [4].

.
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Figure 2.1 — Schematic representation of the hybrid nanocomposite hydrogels synthesis
(Source: Author’s own graphical).

These hybrid nanocomposite hydrogels were synthesized using 6.0% (wt/v)
acrylamide (AAm) monomer (Sigma-Aldrich 99%, CsHsNO MW = 71.08 g/mol) in an
aqueous solution containing 1% (wt/v) of polysaccharide carboxymethylcellulose (CMC)
(Synth P.A, Mv = 114.000 g/mol), different Cloisite Na* (Southern Clay Products) contents:
0% (reference), 10% and 20% (mass% concerning to AAm + CMC mass).

It was used 2.0% (mol relative to AAm monomer) of N’-N’-metylenebisacrylamide
(MBAAm) as crosslinkg agent (Sigma-Aldrich 99%, C7H10N202, MW = 154.17 g/mol), 6.67
mmol/L of N, N, N’, N’- tetramethylethylenediamine (TEMED) (Sigma-Aldrich 99%,
(CH3)2NCH2CH2N(CHs)2, MW = 116.20 g/mol) as reaction catalyst, and 3.50 mmol/L of
sodium persulfate (Sigma-Aldrich > 98%, Na2S20s, MW = 238.10 g/mol) as reaction initiator.

To improve the efficiency of hydrogel polymerization was necessary to applied
nitrogen gas (N2), after TEMED addition, for 10 minutes. After this stage, sodium persulfate
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solution was added under stirring into the polymeric solution to initiate the polymerization
process. Finally, the hydrogel-forming solution was stored for 24 hours at a temperature of
25°C until complete polymerization.

Hybrid nanocomposite hydrogels were subjected to the dialysis process, i.e., changing
the storage water daily for 7 days to eliminate the reagents that were not consumed. For this
procedure, it was not necessary to use any membrane. Subsequently, hydrogels were ground
into microparticles and subjected to the drying process in an oven at 401 °C for
approximately 48 hours or until achieving constant mass (variation < 0.50%). With the
material completely dry, it was again ground and stored until its application. All
concentrations of the required reagents were pre-established by our research group GCNH
(Grupo de Compdsitos e Nanocompositos Hibridos) [5].

These hydrogels present values of swelling degree of 34.7+1.9; 27.2+1.3; and
24.4+0.8 g.g* for 0%, 10% and 20% Cloisite Na* nanoclay concentrations, respectively. The
swelling degree in distilled water and kinect properties of the hydrogels will be presented in
section 3.3.4, Chapter 3. The values are used to calculus the amount of water necessary to
produce the mortars without modifying the water/binder ratio. Details about the dispersion of
the nanoclay in the solution can be seen in Chapter 3, where it was found to be dispersed
intercalated in distilled water medium and possibly exfoliated when swelled in solution from

the filtrate of the water+cement mixture.

2.2 MORTAR PREPARATION

Mortars-cement production followed the NBR 16541 [6] and NBR 7215 [7]
recommendations. A composite cement type CPII-Z-32 (Ciplan Planalto Cimentos S. A.®)
was used in their preparation. The choice for this type of cement is because it is one of the
most used types of cement in civil construction in Brazil and due to its high availability in the
Brazilian market. The physical and chemical compositions of the cement are presented in
Tables 2.1 and 2.2. The chemical composition was determined by X-ray fluorescence (XRF),

according to Spdsito et al. [1].

Table 2.1 - Chemical composition of cement Portland CPI1-Z-32 [1]

Element CaO SiO; SO; Fe,03 KO TiO, SrO  MnO Others

Composition (%) 7529 1619 370 311 111 025 024 004 0.07
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Table 2.2 - Physical properties of cement Portland CPI11-Z-32 [2]

Loss on ignition Setting time Surface area Compressive Strength (MPa)
%) I(?TI]tII:)I (Fn'ﬂﬁ; (mehkg)  1d 3d 7d 28 d
7.10 141 214 463.40 14.60 22.10 26.40 33.10

Siliceous sand (Castilho city, Sdo Paulo-Brazil) was used as fine aggregate (fineness
modulus of 2.05 and a specific gravity of 2650 kg.m) to produce all mortars.

The choice of the reference dosages proposed (Table 2.3) was based on the production
parameters of the mortar for the test to determine the compressive strength of cylindrical
samples presented by NBR 7215 [7]. The variation of the type of hybrid nanocomposite
hydrogel allowed to define 4 mortar systems, designated as ACTR, AHNO, AHN10, and
AHN20, where ACTR represent the mortar control (without hydrogel or nanocomposite), and

0, 10, or 20 indicates the absence or the nanoclay amount into nanocomposites, respectively.

Table 2.3 - Design of mix proportion of mortars samples

CP11-Z-32 | Siliceous 5 . o
' cement sand Water (I/m3) wi/c ratio Hydrogel (%0)
Mix ID

(kg/md) | (kg/m¥) | Dosage | Hydrogel* | Total | alCus | alcefecte™ | o | Dry***
ACTR 649.81 1403.59 | 259.93 - 259.93 | 0.40 - - -
AHNO 649.81 1403.59 | 256.77 3.16 259.93 | 0.40 0.39 0.50 0.015
AHN10| 649.81 1403.59 | 256.80 3.13 259.93 | 0.40 0.39 0.50 0.018
AHN20 649.81 1403.59 | 256.81 3.12 259.93 | 0.40 0.39 0.50 0.021

* Amount of water corresponding to absorbed and stored water by the hydrogel.
** \Water/cement ratio of dosage without considering stored water by the hydrogel
*** Percentage established concerning the mass of cement used.

The hydrogel concentration (0.5% wt/wt concerning cement mass) was determined
according to the results obtained in previous researches [5, 8]. It is important to mention that
all the hydrogels were pre-soaked, until the equilibrium state (48 hours), before being applied.
Then, the amount of water absorbed by the polymer was removed from the dosage water to
maintain the w/c = 0.40 constant.

For the preparation of all mortars, a mechanical mixer (total volume 20 L) was used
for 5 minutes (Figure 2.2). First, cement, water, and pre-soaked hydrogel were mixed for 60
seconds with minimum rotation (125 rpm around the main axis and 62 rpm of the planetary
rotation). Then, without stopping the mortar mixer, all sand quantity was added for 30

seconds, and the rotation was increased to maximum (220 rpm around the main shaft and 125
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rpm planetary rotation) for more than 30 seconds. After this agitation period, the mortar mixer
was then stopped for removing and mixing the materials adhered to the sidewalls of the
container. The mortar remained at rest for 60 seconds and mixed again at maximum rotation

for 90 seconds.

@ Mortar
CPII-Z-32
\ cement - = 5 :
' @ N NGB @

One h..e D () (G s

] O Water 60 secuu.ds 30 seconds : K_/ : 8 30 seconds 60 seconds :

o (low rotation) Sand (low rotation) 30 seconds (clean sidewalls) (stopped) @

. .. ° '.... (high rotation) ?0 P .ds
.....?.s.g. Hydrogel (high rotation)

Figure 2.2 — Graphical representation of the mortar preparation (Source: Author’s own
graphical).

The mortars were casting in different molds according to tests realized. They were
manually or mechanically densified (vibrated table SOLOTEST®, Brazil) to eliminate
incorporated air bubbles during the mechanical mix. The type of densification was determined

in function of the mold and testing realized.
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CHAPTER 3

HYDROGELS

“Water absorption, Kkinetic and structural
characterizations of  polymeric  hydrogels
containing Cloisite Na* nanoclay in distilled
water or solution from the filtrate of the
water+cement mixture.”
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3.1 OVERVIEW

Hydrogels can be classified as hydroretentor materials [1] with great applicability as
internal curing additives of cementitious materials. They can act as water inclusions
(macropores) that continuously moisturize the cementitious matrix to reduce its shrinkage and
microcracks during the hardening process [2, 3]. However, it is essential to ensure that these
alternative solutions to self-desiccation do not result in new pathologies [4]. Because by
releasing all water contained in its structure, the hydrogels can change the cementitious
microstructure porosity and modify their mechanical properties [5,6].

On the other hand, the addition of mineral clay during hydrogel synthesis to obtain a
hybrid nanocomposite [7] is a promissory alternative. Clay mineral-polymer nanocomposites
are of particular interest because of the enhancement of some physical properties as well as
the biodegradability of polymers or polymer matrices [8-10]. Furthermore, the hybrid
hydrogel nanocomposites containing nanoclay exhibit improved mechanical properties due to
the increased physical crosslinking caused by the presence of the mineral into the polymer
matrix and have their absorption and release properties modified [11]. It reduces the amount
of water released over time while increasing the release time of the hydrogels [12].

In this sense, the “smart” water coming from swollen hydrogels inside the
microstructure of the cementitious material can be a potential technological application of
these nanocomposites as an internal curing agent.

This study is aimed at investigating the effect of hydrogels prepared from different
concentrations of Cloisite Na* nanoclay (0, 10, and 20% wt/wt concerning AAm + CMC) on
the water absorption by swelling degree measurements, morphological, kinetic, and structural
properties of the hydrogels, using a solution from the filtrate of the water+cement mixture
(water/cement ratio of 0.40), and distilled water as the swelling medium.

This investigation in the different swelling media is essential to understand how
hydrogels can behave when applied in cementitious matrices. Moreover, due to their
characteristics, the hybrid nanocomposites application becomes an alternative for
cementitious materials to attenuate problems related to retraction; besides, they can assist the

cement hydration procedures.
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3.2 EXPERIMENTAL
3.2.1 PAAmM/ CMC and Cloisite Na* nanocomposites synthesis

All materials and details about hybrid nanocomposite hydrogel synthesis have been

presented in sections 2.1 and 2.2, Chapter 2.

3.2.2 Water + Portland cement type CPI11-Z-32 solution preparation

The solution from the filtrate of the water+cement mixture (CP11-Z-32) was obtained
from mixing distilled water and Portland cement type CPI11-Z-32 at a water/cement ratio (w/c)
of 0.40. All physical and chemical properties of cement used have been present in section 2.1,
Chapter 2.

Initially, the Portland cement was mixed with water in a mechanical stirrer for 60
seconds at minimum rotation (250 rpm). Then, the agitation was stopped for removing the
materials adhered to the sidewalls of the beaker. The velocity of the mechanical stirrer was
then increased to medium rotation (1000 rpm) until to complete 5 minutes, according to
Figure 3.1.
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mixture.
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(1000 rpm) filtration

=<

Figure 3.1 — Graphical representation of the solution from the filtrate of the water+cement
mixture preparation (Source: Author’s own graphical).

After this procedure, the liquid phase of the cementitious paste was separated by
simple filtration. It is noteworthy that possibly the filtration process has changed the initial
wi/c ratio, but for its use as a swelling medium, only the characteristics similar to the pore
solution is being considered, simulating the behavior of the hydrogel inside the cementitious
material. This solution was stored in hermetic flasks to avoid the carbonatation process until

its utilization.
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3.2.3 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the nanocomposite hydrogels were recorded using a Nicolet-NEXUS
670 FTIR spectrophotometer with 2 cm™ resolution. KBr pellet technique (0.5 mg of sample
in 100 mg of KBr) was applied for monitoring changes in the IR spectra of the samples in the
range of 4000-400 cm™. All measurements were recorded by the accumulation of 128 scans,

and the vibrational energies are reported in wavenumber (cm™).

3.2.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of the clay, hydrogel and their nanocomposites were
obtained by (Shimadzu — XDR - 6000) diffractometer using Cu-K, radiation (A = 0.154 nm)
under a voltage of 30kV and current of 40 mA. All specimens were analyzed in continuous
scan mode with 20 ranging from 5° to 50° at a scanning rate of 1°min~. Additionally, the
basal spacing or the distance of two adjacent nanoclay platelets was determined from the d

(001) reflection position, which is calculated by Bragg’s equation (n A = 2dsin 0).

3.2.5 Scanning electron microscopy (SEM)

Hydrogel and nanocomposites morphologies were observed using a ZEISS EVO LS15
electronic microscope operating at an accelerating voltage of 10 kV. First, the samples were
swollen, until the equilibrium stage (48h) at 25°+1°C, in two different media: distilled water
and solution from the filtrate of the water+cement mixture. After this step, they were frozen in
liquid nitrogen and freeze-dried at -55 °C for 24 h in a lyophilizer (model Enterprise 1l

Terroni). Finally, the fractured nitrogen samples were gold-sputtered before SEM observation.

3.2.6 Swelling degree (SD) in distilled water or solution from the filtrate of the
water+cement mixture

The hydrophilic properties of nanocomposites hydrogels were determined by
measuring their swelling degree (SD) in two different swelling media: distilled water or
water + Portland cement solution. Both determinations were measured at room temperature
(25°+1°C) by gravimetric analysis on an analytical balance (Shimadzu model AUY-220).

After purified in the dialysis process for 7 days, the samples were cut into circles of 22

mm diameter and dried in an oven at 40+1 °C for 48 h. Then, they were placed into a vessel
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containing 20 mL of each swelling medium. Noteworthy that the swelling measurements were
performed in triplicate for each hydrogel-type analyzed.

For each predetermined time interval (measurements every 1 hour up to 8 hours, then
at 24h, 32h, 48, and 72 hours), the samples were withdrawn from swelling media, and the
excess of the water surface was gently removed with soft paper. Then, their weights were
measured using an analytical balance (Shimadzu AUY-220-1). Immediately, the samples were

again placed on the vessel. Finally, SD was calculated by using Equation 3.1:

SD = A’Z—; (9 H20 or solution per g hydrogel) Equation 3.1

where Mt and Mg are the swollen mass at time t and the dried hydrogel, respectively. The
measures were performed in triplicate (n = 3), and the error bars in the graph corresponding to

the standard deviation.

3.2.7 Kinetic parameters

Kinect parameters were obtained through swelling degree measures as the function of
time (F versus t) in different solutions. For each F versus t curve, the diffusion exponent (n)

and diffusion constant (k) were calculated using Peppas Equation 3.2 [13].

— = kt™ Equation 3.2

where Meq is the hydrogel mass at equilibrium time, t is the time, k is a diffusion constant
(dependent on hydrogel type and swelling medium), and n is known as diffusion exponent
that supplies the kind of water absorption mechanism.

Equation 3.2 was applied from the initial stage until 60% of the curve. Thus, the
kinetic parameters involved in the mechanism of diffusion of water towards hydrogel were
determined by the slope and linear coefficients of the In (Mi¢/Meg) versus In(t) curve,

respectively.

3.2.8 Statistical analysis

The experimental results of the swelling degree in equilibrium and kinect parameters
were available by analysis of variance (ANOVA) from Tukey test, with a 5% significance

level, using SISVAR® software.
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3.3 RESULTS AND DISCUSSION
3.3.1 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the hybrid nanocomposites composed of PAAm, CMC, and Cloisite-

Na* swollen in distilled water or solution from the filtrate of the water+cement mixture are

presented in Figure 3.2 ((a) and (b)), and their characteristic spectroscopic bands are described

in Table 3.1.

Table 3.1 - Main FTIR spectroscopic assignments PAAM/MBAAM/CMC + Cloisite Na*

FTIR (distilled water or solution from the filtrate of the water+cement mixture as swelling

medium)

PAAM/MBAAM/CMC + Cloisite Na* (distilled

water as swelling medium)

PAAM/MBAAM/CMC + Cloisite Na* (Filtrated
water+cement mixture as swelling medium)

Peak (cm™) Assignment Ref. Peak (cm™)  Assignment Ref.

O-H structural and

3635 O-H water [14-16] 3430 O-H stretching [28-30]
interlayer
stretchings
3420 O-H stretching [14, 16, 17] 3190 N-H stretching [18, 19, 31]
3190 N-H stretching [18, 19] 2920 CHj stretching [14, 15, 20]
2926 C-H stretching [14, 15, 20] 1665 C=0 stretching [16, 17, 21]
1665 C = O stretching [14, 17, 21] 1630 O-H bending [30, 32, 33]
1642 O-H vibration [22, 23] 1560 COO vibration [25, 31]
1456 C-N stretching [14, 24] 1456 C-N stretching [14, 31]
i . Si-O-Si
1420 COO- stretching [16, 25] 1120 vibrations [20, 24]
. C Si-O-Si
1120 Si-O-Si vibration ~ [16, 17, 24] 1184 . [14]
stretching

Si-O-Si vibration Si-O-Si vibration
1042 (tetrahedra layer) [21-23] 1042 (tetrahedra layer) [21-23]
913 Al-OH bending [22, 26] 875 COs? bending [33, 34]

Si-O-Si vibration 620 S0O4% bending [35, 36]
526 ) . [ 14, 20] - -

Si-O-Al bending 518 Si-O-Al bending [14, 20]
462 Si-O-Al bending [20, 26, 27] 462 Si-O-Al bending [20, 26, 27]
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Figure 3.2 - FTIR spectra of PAAm/ MBAAmM/ CMC + Cloisite Na* swollen in (a) distilled
water, and (b) solution from the filtrate of the water+cement mixture.
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Nanoclay Cloisite Na* presented a band at 3635 cm™! [14-16] and 3420 cm™ [14, 16,
17] related to the spectroscopic stretchings of bound water and the associated hydroxyl
groups, respectively, which indicates that Cloisite Na* is rich in -OH between oct- and
tetrahedral sheets [15].

FTIR spectrum of the pure hydrogel is similar to that of hybrid nanocomposite
hydrogel, which shows a broad peak at 3420 cm™ for its hydrogen-bonded -OH group [14, 16,
17]. Stretching vibration absorption peaks of -N-H and -CHx after polymerization of AAm
monomer appeared around 3190 cm™ [18, 19] and 2926 cm™ [14, 15, 20], respectively.

Peaks related to the -C-N of the secondary amide coming from AAm [37] or MBAAmM
appear near to 1456 cm™ [14, 24], and stretchings of -COO" of this same group were assigned
to 1665 cm™ [14, 17, 21] and 1420 cm™ [16, 25] regions, thus, evidencing the presence of the
crosslinking agent, monomer, and polysaccharide in the hydrogel matrix.

Moreover, the FTIR hybrid nanocomposite hydrogels containing Cloisite Na* show a
spectroscopic peak at 1120 cm™ [16, 17, 24], 1042 cm™ [21-23], 913 cm™ [22, 26] 526 cm™
[14, 20] and 426 cm™ [ 20, 26, 27], that correspond to Si-O-Si vibrations of tetrahedral layer,
Al-OH bending, Si-O-Al bending, respectively. Notably, all these bands refer to the
characteristic absorption peaks of Cloisite Na* [37], confirming their presence is involved in
the hydrogel polymerization process. Despite the presence of characteristic Cloisite Na*
peaks, no evidence of clay-matrix chemical bonding was observed, i.e., the nanoclay can be
physically anchored to the polymer matrix.

From Figure 3.1 (b), it was possible to confirm that FTIR of nanocomposite hydrogels
swollen in solution from the filtrate of the water+cement mixture are very similar, except at
1630 cm™ [30, 32, 33] due to the bending vibration of -OH referent to water-free or water in
gypsum (present in the cement), and at 1560 cm™ [25, 31] attributed the presence of -COO"
group in carboxylate anion. A shift of the COO™ band from 1420 to 1560 cm™ was observed,
which can be attributed to the combination with calcium ions, corroborating that presented by
Fernandes et al. [27], present in the swelling medium. New absorption peaks at 875 cm™ and
620 cm, corresponding to a bending vibration of -CO3? [33, 34] and bending vibration of -
S04 [35, 36], respectively, were also observed.

Remarkably, the appearance of the -COs? and -SO4* signals in the FTIR spectra is
probably related to the development of the carbonatation process [37] and the presence of the
hydration products of cement - as ettringite, that can be visualized in SEM images (see

Section 3.3.3). It indicates that the hydrogel swelling in solution from the filtrate of the
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water+cement mixture medium can form a cement hydration product in the superficial and
internal hydrogel walls, but without modifying its foliated aspect, characteristic of hydrogels.

Furthermore, FTIR spectra showed absorption peaks at 518 cm™ [14, 20] and 462 cm™®
[20, 26, 27], that correspond to Si-O-Si vibrations, Si-O-Al bending, respectively, and that it
is present both in the cement composition and in the nanoclay used in the synthesis of hybrid
hydrogels.

3.3.2 X-ray diffraction (XRD)

XRD patterns of Cloisite Na* nanoclay, Portland cement paste, and the hybrid
hydrogels are shown in Figure 3.3 (a and b).

(o = 119 1m) #Silicon oxide ( )
#Aluminium silicate hydroxide
o Silicon oxide (Cristobalite)
R »Aluminium silicate
W/ \M\MM >  Nanoclay Cloisite Na*
< / T3 TN
2
%‘ Hydrogel 0% Cloisite Na*
S |(0oor =144 nm
.
° >Hydrogel 10% Cloisite Na
L
. >I—|ydroge| 20% Cloisite Na|
e
‘\.‘V
I ' I ' I ' I '
10 20 30 40 50

Angle 26 (Cua radiation)

Figure 3.3a - X-ray diffraction for PAAm/ MBAAmM/ CMC + Cloisite Na* swollen in distilled
water.
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Figure 3.3b - X-ray diffraction for PAAm/ MBAAm/ CMC + Cloisite-Na* swollen in solution
from the filtrate of the water+cement mixture

XRD analysis of the Cloisite Na* nanoclay (Figure 3.3a) displayed a reflection at 2 6 =
7.36° assigned to the (001) crystalline plane or doo: interlayer basal spacing of 1.19 nm,
agreeing with other authors [16, 38]. Besides, the reflections at 26 = 19.8°, 21.9°, and 28.3°
could also be observed, corresponding to aluminum silicate hydroxide, silicon oxide, and
aluminum silicate hydroxide [39], respectively.

XRD patterns of hydrogel pure (PAAm and CMC) and hybrid nanocomposite
hydrogels (PAAmM/ CMC and Cloisite Na*) confirmed that these matrices are predominantly
amorphous expected due to their chains have high crosslinking density. However, it is
possible to observe from hybrid hydrogels XRD that the characteristic nanoclay peak (20 =
7.36°) shifted to the small angle of the 2 6 = 6.28°, causing an increase in basal spacing (doo1 =
1.44 nm). This increase indicated the intercalation of nanoclay Cloisite Na* in the polymer
matrix, as mentioned by other authors [20].

The main reason for nanoclay intercalation was reported by Wang and Wang [40],
which indicated that CMC molecules were successfully intercalated into the spacing of clay
layers, reducing their crystal structure. He et al. [37] also related that the interaction between
AAmM monomer and montmorillonite during the polymerization process could form a gel

mesh structure that occasioned the increase in the basal spacing.
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It is reported that the arrangement of clay layers results in a broad XRD pattern,
broadening of doo1 peak observed in modified montmorillonite reflected a lower degree of
ordering for montmorillonite layers compared with natural clay. Therefore, the interlayer
structure of montmorillonite is damaged, and the weakening of the hydrogen bonding reduced
its crystallinity [37].

However, when swelling in solution from the filtrate of the water+cement mixture
(Figure 3.3b), the nanocomposites change their behaviors. The diffractograms indicated the
amorphous character of the hydrogel in nanocomposites was discrete with the increase of the
Cloisite Na* in the polymeric matrix. From XDR analysis of the hybrid hydrogels solution
from the filtrate of the water+cement mixture, it was no observed the basal spacing of the
nanoclay peak was (20 = 7.36°; dooz = 1.19 nm) in the polymeric matrices. Probably the
nanoclay platelets are exfoliated in the hydrogel chains because this peak shifted to small
angles under 26 = 4°.

The diffractograms of hybrid hydrogels also revealed new crystallized phases
attributed to cement hydration products such as alite (3Ca0.Si02), belite (2Ca0.SiOz2), calcite
(CaCO0:s), ettringite (CasAl(SO4)3(OH)12.26H20), and portlandite (Ca(OH)2), which are also
present in the cement paste diffractogram. Notably, the presence of these crystallized phases
is consistent with the SEM (as discussed in the next Section) and FTIR results that allow
visualizing these products impregnated on the surface of the hydrogel walls and the
identification of the -CO3? and -SO4? groups.

3.3.3 Scanning electron microscopy (SEM)

The correlation between the physical and morphological properties of the different
hydrogels was also investigated. Three-dimensional network porous structures were studied
and analyzed using the SEM technique. SEM micrographs of the internal structure of
hydrogels swelled in distilled water are presented in Figure 3.4 (a, b, and c). They are formed
by the porous uniformly distributed structure of a sponge, similarly, as already mentioned in
the literature [41, 42]. Thus, their water uptake and its retention rate depend on hydrogel
porosity and mean pore size. Hence, one of the most important properties, which should be

considered, is hydrogel microstructure morphologies [17].
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Figure 3.4 - SEM micrographs (5000x magnification) of hydrogel swelled in distilled water:
(@) PAAM+CMC, (b) PAAM+CMC+10% Cloisite Na*, (c) PAAM+CMC+20% Cloisite Na™.

The open spaces (pores) among the polymer network decreased, and the number of
pores increased when the nanoclay concentration used in the hydrogel preparation increased,
corroborating with Cojocariu et al. [10]. Here, SEM images confirming a solid correlation
between morphology and water-uptake capacity. Hydrogels with large pores (Figure 3.4a)
interact more significantly with water molecules, resulting in considerable water uptake. In
contrast, as shown in Figure 3.4c, Cloisite Na*-based nanocomposites have a tighter structure
with smaller pore sizes. In this way, the area of the pores in contact with water molecules is
small, which contributes to decreasing water-uptake capacity [43], corroborating with the
swelling degree results.

However, when the hydrogels are swelling solution from the filtrate of the
water+cement mixture, their morphological properties present some changes, as can be seen
in Figures 3.5 (a, b, ¢, d, e, and f).
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Figure 3.5 - SEM micrographs (500x and 10000x magnification) of hydrogel swelled solution
from the filtrate of the water+cement mixture: (a-b) PAAM+CMC, (c-d) PAAM+CMC+10%
Cloisite Na*, (e-f) PAAM+CMC+20% Cloisite Na*.

The porous structure of hydrogels remains, and they are showing an increase in the
number of smaller pores as the nanoclay concentration increases. It causes a reduction in its
water absorption capacity, similar to the hydrogels swelled in distilled water. On the contrary,
it is possible to observe cement hydration products on the hydrogel surfaces in Figures 3.5 (b,
d, and f). Note the presence of ettringite (CasAl(SO4)3(OH)12.26H20) characterized by needle
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shape (represented by the red circle in SEM), as well as the presence of portlandite (Ca(OH)2)
with its hexagonal shape crystals [44] (represented by the yellow circle in SEM). Remarkably,
these cement hydration products are impregnated in the hydrogel walls, as discussed in the IR

spectra and X-ray diffractograms.

3.3.4 Swelling degree (SD)

Swelling degree (SD) analysis of hybrid hydrogels is necessary once the controlled
water release over time depends on this property and can contribute to a more effective
internal curing procedure of cementitious materials [45] due to the continuous cement [6]
hydration inside of these materials. The absorption behaviors of hydrogels in distilled water
and the solution from the filtrate of the water+cement mixture are shown in Figures 3.6 (a and

b), respectively.
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Figure 3.6 - Swelling curves as a function of time for hydrogels with different Cloisite Na*
co_ncentrations in (a) distilled water and (b) solution from the filtrate of the water+cement
mixture.

There are evident differences in the behavior of nanocomposite hydrogels in these two
different environments. It is seen from Figure 3.6a that all hydrogels showed water absorption
in the range of 24-32 (g.g%) in distilled water. Also, the Cloisite Na* interferes directly in this
hydrophilic property because the higher its concentration, the lower hydrogels swelling
degree, corroborating with reported by Aalaie et al. [46]. The author verified that the
equilibrium degree of swelling of the nanocomposites decreases with the increase of
montmorillonite content because the free hydrophilic groups of the nanocomposite reduce
with the Na* increases, decreasing the difference in the osmotic pressure between the matrix
and the swelling medium and, consequently a retraction of the hydrogels with Cloisite Na*
[46].

In the first eight hours of testing, it was possible to observe an accelerated water
absorption, independently of the concentration of nanoclay, reaching the equilibrium
conditions after 48 hours. Similar behavior was also observed by Yenozawa et al. [47]. The
results showed that the PAAM+CMC hydrogel had SDequitibrium equal to 34.71+1.92 g.gX. For
hybrid hydrogels with 10% and 20% Cloisite Na* concentration, the average SDequilibrium Were
27.23+1.30 g.g* and 24.39+0.88 g.g* respectively.
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The relationship between SDeq and the amount of Cloisite Na* in the nanocomposites

was shown in Figure 3.7.
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Figure 3.7 - Effect of the amount of Cloisite Na* on the equilibrium swelling degree.
*Average with their respective standard deviation values, followed by equal letters, do not differ
statistically from each other following the Tukey test with a 95% confidence level.

The reduction of SDeq for hybrid hydrogels (10 and 20% Cloisite Na*) was 21.55%
and 29.73%, respectively, when compared with PAAm+CMC hydrogel. This behavior can be
attributed to the presence of nanoclay as a physical crosslinker in the polymeric matrix, which
can cause a reduction in the expansion capacity of the chain and the water storage capacity in
its pores [10, 43]. These behaviors also can be attributed to their molecular structure and
morphology [48] that could be analyzed from SEM images.

Comparatively to the results presented in Figures 3.6 (a and b), the behavior of
hydrogels in solution from the filtrate of the water+cement mixture revealed different features
from that in distilled water. Because the behavior of sorption and desorption kinetics was
altered due to factors such as pH and the presence of ions in the solution [49].

In the first eight hours of testing, it was possible to observe an accelerated water
absorption, independently of the concentration of nanoclay, similar to the results presented

from hydrogels swelled in the distilled water medium. However, the hydrogels in the solution
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from the filtrate of the water+cement mixture need more time to complete their equilibrium
state. At 72 hours, the water absorption process continued with minor variations, so the results
showed that the SDequilibrium 0f PAAM+CMC hydrogel was 42.35+1.34 g.g, and the values
for hybrid hydrogels with 10% and 20% Cloisite Na* concentration were 29.96+0.41 g.g* and
29.3840.44 g.g%, respectively. Compared to the hydrogels swollen in distilled water, the
nanocomposites, when placed in solution from the filtrate of the water+cement mixture,
presented an increase of around 28, 18, and 22 % at the same nanoclay concentrations.

From Figure 3.7, it was observed that values of SDeq Of all types of hydrogels were
higher than the reference values in distilled water. One of the possible causes is the alkalinity
of the solution from the filtrate of the water+cement mixture (pH = 13.1). The physical
properties of hydrogels are affected by this change in pH, and the presence of acidic (-COOH)
or basic (OH") groups can accept or release protons. In addition, at high pH values, the
alkaline groups are deprotonated, and the acid groups are ionized. Therefore, electrostatic
interactions are weak and lead to a more open structure with a large capacity for swelling
[49].

Another possible cause is related to the solvation process. The bivalent cation Ca?* is
typical in a cement solution, and it can change the absorption behavior of hydrogel samples
[50]. Solvation is a function of the ions present in the solution from the filtrate of the
water+cement mixture, Ca2* cations can group water molecules and enter into the structure of
the hydrogel, and to increase the swelling degree as observed in the results because these
cations can interact and bind with carboxylate groups from different AAm chains in the
polymer.

However, Ca®* can form additional physical crosslinks that restrain the movement of
AAm chains, which provoke a reduction of the hydrogel swelling capacity [51] due to the
migration of ions from the pore solution into the hydrogels. Indeed, a screening effect reduces
the electrostatic repulsion in the polymeric networks of the hydrogels [51-53].

The swelling of hydrogels is a complex phenomenon because the solution from the
filtrate of the water+cement mixture consists of multi-species, and the concentration of ions
varies with cement type, dosage, among other aspects. In this way, it is necessary to analyze
this phenomenon to understand better the effect of this polymer in the cementitious matrix.
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3.3.5 Kinetic parameters

The mechanism of water absorption is associated with the diffusional exponent (n) and
the diffusion speed of the solvent (k) [27]. The mechanism can occur in four different ways:
where n < 0.45, the mechanism occurs by Fickian diffusion; when n = 0.89, the diffusion
occurs by case ll-transport; in other words, this mechanism is governed by polymer swelling
(chains relaxation); for 0.45 < n < 0.89, the diffusion mechanism is classified as anomalous
transport (non-Fickian diffusion), that is, the combination of the two previous; and when n >
0.89 corresponds to super case ll-transport [13, 54-56]. Changes in Kinetic parameters as a

function of Cloisite Na* concentration are shown in Table 3.2.

Table 3.2 - Values of k and n obtained for different concentrations of Cloisite Na* in the
hydrogels swelled in distilled water and solution from the filtrate of the water+cement
mixture media.

L Solution from the filtrate of the
Cloisite Na* Distilled Water water+cement mixture
concentration
SDeq k SDeq k

% wiw " n ) R? 3 n N R?
Goww) 1 (g.g%) (h) 0.9%) (h)

0 34,7078 | 0.5982 0.1542 0.990 | 42.351* | 0.637°2 0.0982 | 0.998

10 27.229° | 0.5462 0.1972 0.983 | 29.962° | 0.5422 0.142% | 0.996

20 24.389¢ | 0.548% 0.1982 0.969 | 27.436° | 0.582% 0.1122b | 0.999

*Average with their respective standard deviation values, followed by equal letters, do not differ statistically
from each other following the Tukey test with a 95% confidence level.

All nanocomposites in the distilled water medium presented values of n above 0.45
and below the control matrix. Thus, the water absorption mechanism of all hydrogels has
anomalous behavior when the diffusion times and relaxation rates of the chains are
comparable. In this case, both the sorption and transport of molecules are affected by the
presence of pre-existing microcavities in the polymeric matrix [55]. However, the increase in
the Cloisite Na* concentration in the nanocomposite matrices modifies the water absorption,
tending to Fickian transport, where the diffusion rate is much slower than the relaxation time
of the polymer chain. This relaxation time is the time it takes for the chain to settle, that is, to
come into balance with the presence of the solute or solvent.

The presence of nanoclay in the polymer matrix increased the values of the constant
diffusion k. The authors believe that the oxygen bound to the silicon of the nanoclay platelets
may simultaneously interact with the CMC chain groups and with distilled water, accelerating

the water absorption process [47]. However, it is intended that even accelerating the velocity
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of water absorption, the nanoclay also acts as a crosslinking agent, contributing to the
decrease in total water absorbed by the matrix. These results corroborated with SD results,
whereas these nanocomposites were those with less water absorption capability.

Contrary analyzes of the k kinetic parameters of hydrogels in solution from the filtrate
of the water+cement mixture allowed to observe a decrease in the velocity of water absorption
compared to results obtained from swelling degree in distilled water. For this same swelling
media, diffusion coefficient (n) values confirmed that the swelling mechanisms of all
hydrogels have a non Fickian or anomalous behavior, similar to the swelled in distilled water.
Notably, the increase of Cloisite Na* in the polymeric matrices not caused changes in these
parameters.

Thus, these results corroborated that increases in the swelling degrees in solution from
the filtrate of the water+cement mixture were related to the solvation process caused by the

presence of ions in cementitious solution.

3.4 CONCLUSIONS

This study analyzed the physical, chemical, and morphological properties of hybrid
hydrogels containing different concentrations of Cloisite Na* nanoclay, having two different
swelling media, i.e., distilled water or solution from the filtrate of the water+cement mixture.
The findings from this study are listed as follows:

e PAAmM, CMC, and Cloisite Na* nanoclay nanocomposite hydrogel were successfully
synthesized via free-radical polymerization using different amounts of Cloisite Na*.
SEM and FTIR techniques confirmed that the nanoclay was incorporated into the
hydrogel matrix.

e SEM images showed that the concentration of nanoclay increases the crosslinking
density of the polymer chains. As a result, it was possible to observe some hydration
products of cement on the surface of hydrogels. It was also verified in the FTIR that
indicated CO3? and SO4% groups related to carbonatation and ettringite formation.

e XRD patterns indicated that the amorphous character of the hydrogel in the
nanocomposites was discrete. However, it is possible to observe crystalline peaks
attributed to cement hydration products when they swelled the cementitious solution.
In addition, it was no observed the basal spacing of the nanoclay peak (26 = 7.36°; doo1

= 1.19 nm) in the nanocomposite matrices, indicating that its platelets are probably
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exfoliated in the hydrogel chains when these hydrogels are swelled in solution from
the filtrate of the water+cement mixture.

e The presence of Cloisite Na* interferes directly with the absorption mechanism in both
swelling media. Thus, comparing the hydrogels swollen in distilled water, the
nanocomposites, when placed in water and cement solution, presented an increase of
around 22, 10, and 20 % in the degree of swelling of the hydrogel containing 0, 10,
and 20% (wt/wt) Cloisite Na* concentrations, respectively.

e The diffusion coefficient (n) values confirmed that the swelling mechanisms of the
hybrid nanocomposites tend to anomalous behavior when the diffusion times and
relaxation rates of the chains are comparable. In this case, pre-existing microcavities
in the polymeric matrix affect both the sorption and transport of molecules.

Thus, the application of hybrid nanocomposites becomes an alternative for
cementitious materials to attenuate problems related to retraction, and therefore guarantee the

improvement of its properties, whether in a fresh or hardened state.
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CHAPTER 4

FRESH PROPERTIES OF MORTARS

“Fresh properties of cement-mortars with hybrid
nanocomposite addition based in Cloisite Na*
hydrogels™
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4.1 OVERVIEW

Cement composites are one of the most widely produced materials in civil
construction [1-3] due to their versatility, low cost, excellent mechanical performance, and
durability during their useful life [4-6]. The importance of this material can be verified in the
function of its global annual production around 35 to 53 billion tons, which is the second
material, most used after water [3]. Thus, cement-mortars must be studied because they are
responsible for several functions to ensure a good surface finish when applied as a coating or
to ensure a uniform tension distribution to accommodate the associated deformations to
thermal expansions and shrinkage [7] when used in masonry confection.

For mortars to adequately perform their functions throughout their useful life, they
must have satisfactory behavior in their fresh state properties. These often depend directly on
dosage studies and the water amount present in the mixture [8, 9].

Water, in this context, is an essential component for cement materials because it
influences hardened state properties them [10], mainly to the questions concerning their
microstructure and mechanical properties. Therefore, cement-materials technology challenges
controlling water [11] to ensure cement particle hydration more effectively. One way to
achieve this control over water is by developing and applying new types of admixtures, which
can assist in substantially improve the characteristics of these materials in their fresh and
hardened state [11]. Thus, due to some advantages, these admixtures are becoming
widespread and indispensable components to produce almost all types of mortars and
concretes, especially the high-performance [2]. Thus, because their addition does not change
the mix proportions i.e., the water/cement (w/c) rate can be maintained or even reduced to
improve the resistance and durability, preserving the material fluidity [12].

Several researches focus on the new chemistry additives field, mainly to ensure higher
water availability to internal curing procedures [13-15] in cement-materials with a w/c ratio
lower. These internal curing agents highlight the absorbent polymers as hydrogels that are
interesting alternatives to gradual control of cement particle hydration due to their ability to
absorb water and release it [16, 17] later into the hydrating cementitious matrix.

Hydrogels are hydrophilic polymeric materials with a three-dimensional crosslinked
chain obtained through various polymerization processes. When in contact with water, they
swell and increase their volume compared to the initial volume [18, 19]. They can be
classified following their physical state, their crosslinking process of chemistry or physical

[20], or following their raw materials based on natural polymers, semi-synthetics, or
51



synthetics [21]. Several studies are targeted and extensively analyzed using synthetic and
commercial superabsorbent polymers (SAP) [22-26] as an internal curing agent to cement
materials. These are based on polyacrylates, poly(acrylic acid), polyacrylamide, and
polymetacrylamide. Superabsorbent polymers are used in civil construction field researches
because they present a longer useful life, good mechanical resistance, and higher water
absorption capacity [20, 27].

On the other hand, new hydrogels have been studied to obtain an absorbent polymer
with similar properties to the SAP. These are the hybrid nanocomposite based on the hydrogel
with Cloisite Na" nanoclay incorporated with good mechanical properties [28] similar to
synthetic polymers, presenting the advantage to have a biodegradable composition
polysaccharide as carboxymethylcellulose [29-31].

Hydrogels, in addition to being applied as internal curing agents [32] they also are
utilizing to improve the freeze resistance [33, 34] crack-sealing [35] and to reduce the
shrinkage process during the hardening phase [36].

Remarkably, the applications of these polymers can happen in two manners, that is, in
their dry or presoaked state, and both application options change rheological and physical
aspects of mortars in their fresh state [37]. Moreover, it can also impact the hardened state of
these mortars.

The application of dry hydrogels directly in the mix can remove an amount of
kneading water in the function of their absorption and release kinect, reducing the wi/c ratio of
the mortar [38, 39, 40]. Thus, the amount of water removed in the fresh state depends on the
physicochemical properties as swelling degree and chemical composition of these polymers.
Another factor that impacts the absorption water is the swelling medium because the
hydrophilic groups of hydrogels or SAP can have behaviors altered depending on the
concentration of Ca?*, Na*, K*, OH" e SO+ ions, disperses in dosage water [16, 41].

The application of dry hydrogels to fresh mortars causes an increase in their yield
stress and plastic viscosity [38] and provides a reduction in slump flow. However, these
aspects are often corrected using superplasticizers [42] or an extra water portion [43]
corresponding to the swelling degree of the polymer.

When the hydrogels or the SAP are used in their presoaked states also causes a change
in the rheological properties of the mixture since part of the dosing water is found inside the
polymer. However, the presoaked hydrogel is a potential option to introduce water into the

curing process without the need to add a larger volume of water during the mortar mix [44].
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In this context, the total wi/c ratio reduces, decreasing the material's workability in its fresh
state [42]. Nevertheless, the water-controlled release ensures internal humidity for the curing
procedures, thus avoiding retraction at early ages [32] and ensuring more effective hydration
of cement particles [45].

However, the effect of applying hybrid nanocomposites presoaked in the properties of
cement-mortars with w/c ratio lower needs a wide investigation to elucidate how the
incorporation of these hydrogels can affect their properties in the fresh state. Therefore, the
present study aimed to evaluate the features of cementitious mortars in their fresh state when
presoaked hybrid nanocomposite hydrogels were added. The changes in the consistency
index, density, air content, water retention, and exudation rate were investigated in detail to
make the production of cementitious materials feasible using more innovative internal curing
agents. Thus, to obtain an advance in the technology of cementitious materials from getting
mortars with characteristics comparable to the properties of mortars cured by traditional

methods already known.

4.2 EXPERIMENTAL
4.2.1 Hydrogel synthesis and mortar preparation

All materials and details about hybrid nanocomposite hydrogel synthesis and mortar
preparation have been previously presented in sections 2.1-2.3, Chapter 2.

4.2.2 Density in the fresh state

Density in the fresh state of mortar is also known as specific mass and varies with air
content and specific weights of the constituent materials, mainly the aggregates. Thus, to
complement the rheological properties of cement materials, three specimens were used to
determine the density, following the NBR 13278 [46] recommendations.

After the mortar preparations, three cylindrical molds (diameter = 100 mm and height
= 128 mm) were filled (35+2°C and relative humidity ~55%), and the samples were
mechanically vibrated (vibrated table SOLOTEST®, Brazil) to eliminate incorporated air
bubbles during the mechanical mix. After, the specimen masses were recorded using a semi-
analytical balance (Shimadzu BL-3200H), and the values of fresh densities were calculated
using Equation 4.1.
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— Mci—My;
Vri

Equation 4.1

where d = density in the fresh state (g.cm®), Mci = mass of cylindrical mold (g) containing the
mortar “i”; Mc = mass of empty cylindrical mold (g), and Vc = volume of cylindrical mold
(cm?3).

The final value of densities in the fresh state for different mortars corresponds to the

average value obtained from the three samples masses tested.

4.2.3 Air content

Air content (A — (%)) was determined according to NBR 13278 [46], following the
same procedure used in section 4.2.2, Equation 4.2.

A (%) = 100 * (1 - d/dt) Equation 4.2

where d = density in the fresh state (g.cm™), di=theoretical density mass of the mortar (g.cm
%). The theoretical density mass of mortar (d:) is obtained by using Equation 4.3, considering

the mass density of each mortar component material.

(MpydrogeitMwatertMcement +Msand)

Mhydrogel Mwater ) (mcement ) Msand
( /Vhydrogel)+( /7water + /ycement +( /VSand)

dt = Equation 4.3

Where Mhydrogel, Mwater, Mcement, &N Msand are hydrogel, water, cement, and sand masses (g),
respectively; jhydrogel, #water, Jcement, aNd jsand  COrrespond to specific densities of the hydrogel,
water, cement, and sand (g.cm™), respectively.

The A (%) values of each mortar presented in the results are the average value
obtained from the three samples testing.

4.2.4 \Water retention

Water retention capacity in fresh mortars is significant because available the water

inside the mix increase. As a result, it can improve cement hydration and obtain a mechanical
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strength gain. Thus, water retention analysis in hybrid mortars is realized because the
hydrogels can act as water retentor agents. This study followed EN 1015-8 [47]
recommendations, testing six samples of each fresh mortar.

After mortar preparation (35+2°C and relative humidity ~55%), a fraction was
collected, and it was casting inside the cylindrical mold (mz1) with a diameter of 100 mm and a
height of 25 mm. The excess mortar was then removed from the top of the mold, and the
mortar + mold set mass (ms) was recorded using a semi-analytical balance (Shimadzu BL-
3200H).

Subsequently, gauze and filter papers (m2i) - weighed previously in a dry state - are
placed on the set so that on a flat surface and in an inverted position, a load of 2 kg is placed
on the set for 5 minutes. Finally, the filter paper was removed and again weighed (mai). Thus,

the water retention is determined following Equation 4.4.

WRV; = 100 — Wy,; Equation 4.4
where WRVi = water retention of mortar sample “i” (%); W4i = relative water loss by mortar

“i” (%), calculated by using Equation 4.5.

= (M — mzi)/ 0 _
Wai (mg; — Wy,) * 100% Equation 4.5

where msi = amount of paste “i” inside the mold (g), calculated by using Equation 4.6, and Wi

= total water contained in paste “i” (g), calculated by using Equation 4.7.

Mg; = Mg; — My; Equation 4.6
where msi = mold mass containing paste “i”” (g); muzi = mass of the mold associated with paste
lli!! (g).

Wy = Myater l/m Equation 4.7

mortar "i"
where mwater < = total water mass used to produce the mortar “i”” (g); Mmortar «i~ = total mortar

mass “i” (g);comi=1,2,3,...,n.

4.2.5 Consistency index

The determination of the consistency index was based on the ASTM C1437 [48]. This

technique permitted the analysis of the influence of the nanocomposite hydrogels on the fresh
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properties of the hybrid mortars. This testing was performed immediately after the hybrid-
mortars mixing. The addition of the fresh mortar into the trunk-conical mold on a flow table
(CONTECO®, Brazil) occurs in three layers. The first layer was densified with 15 strokes
randomly distributed in the mass. The second and third layers were densified with 10 and 5
strokes, respectively. The excess mortar was removed, and the mold was vertically removed.
Finally, 30 strokes were applied to the flow table for 30 s. Thus, three measures of the
diameter of the mortar on the table were obtained. The consistency index average was

calculated by the three diameters obtained from its scattering.

4.2.6 Exudation test

One of several manners to study the water retention behavior of hydrogels is through
the exudation rate. In this way, using this specific technique can help in dosage studies with
hydrogels and prevent segregation in fresh cement mortars.

This methodology was based on RILEM MR-6 [49]. The samples were only prepared
by manual compaction (i.e., without using a vibration table). Initially, 5 beakers of 500 mL
were used to store the fresh mortars. By using a graduated pipette, the accumulated water on
the paste surface was removed after 15, 30, 60, 180, and 240 minutes. After each extraction,
the water volume was then measured. The exudation rate was calculated by the ratio between

exudate water by the surface area of each beaker.

4.2.7 Statistical analysis

The experimental results for each treatment sets were available by analysis of variance
(ANOVA) from the Tukey test, with a 5% significance level, using SISVAR® software.

4.3 RESULTS AND DISCUSSION
4.3.1 Density in the fresh state

The mortar density in the fresh state is an important parameter because it directly
influences productivity and well-being aspects to who works with it. In this sense, as lighter is
the mortar more workable, it will be too long, which reduces its application's effort, resulting

in higher productivity [50]. The effects of hydrogels in density in the fresh state for mortars
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produced with different Cloisite Na* nanoclay concentrations and w/c = 0.40 are shown in
Figure 4.1.
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Figure 4.1 — Density in the fresh state for mortars produced with different Cloisite Na*

nanoclay hydrogels and water/cement of 0.40. *Average with their respective standard deviation values
followed by equal letters do not differ statistically from each other, following the Tukey test with a 95%
confidence level.

The average value of density in the fresh state of all hydrogel mortars was ~2.15+0.01
g.cm?. It did not present significant statistical variation compared with the control mortar,
whose average value was 2.16+0.01 g.cm?®. From the settlement and coating mortar
classification proposed by standard NBR 13281 [51], the mixes can be classified as “D6
class” because they all presented densities higher than 2 g.cm™.

On the other hand, some authors report in their studies a reduction in concretes
produced with commercial synthetic superabsorbent polymers base in polyacrylates and
polyacrylic acid studied by Azarajifari et al. [43] Kang et al. [52], respectively. Many authors
attribute this behavior to the air incorporated increases caused by the hydrogel presence in the
mixes [38, 53, 54].

The results also corroborating with results obtained by Cunha et al. [55], whose

average value of mortar (w/c ratio = 0.40) densities in the fresh state produced with 0.2-0.3%
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de SAP (poly(acrylic acid)-polyacrylamide) was 2.24 g.cm, and with values for mortars with
SAP (acrylamide/acrylic acid copolymer) (0.2% w/wt cement) produced by Esteves et al.
[56], around 2.25 g.cm’3,

Other authors presented similar results. For instance, Mechtcherine et al. [32] found a
density of 2.33 g.cm™ for reference mortar (w/c ratio of 0.30) and 2.31 g.cm™ for the mortar
with 0.3% of poly(acrylic acid) SAP.

4.3.2 Air content

An important factor related to the fresh state properties of the cementitious materials is
the air content in the mix. This occurs because during the cement-materials preparation, the
mechanical stirring permits that the air is naturally mixed into the water so that it is
subsequently eliminated during the mortar launch and densification process [57]. Thus, Figure
4.2 presents the relation between the density in the fresh state and air content variation for
mortars produced with hydrogels with different Cloisite Na* nanoclay concentrations.
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Figure 4.2 — Relation between density in the fresh state and air content (%) for mortars

produced with different Cloisite Na* nanoclay hydrogels. *Average with their respective standard

deviation values followed by equal letters do not differ statistically from each other, following the Tukey test
with a 95% confidence level.

Although the results did not present statistical variation among themselves, it is

possible to verify a tendency in the air content property, i.e., increasing the nanoclay quantity
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in the cementitious matrices. Notably, all mortars demonstrated a minor air content %
recommended by the ASTM C270-19a [58], whose maximum values for this parameter are
18%. The results are interesting because, first of all, the air content could improve freeze-thaw
resistance discussed widely by several authors [39, 54, 59, 60].

The increased air content property is more pronounced to AHN10 and AHN20
mortars, whose increases were approximately 8.2% and 15.8%, respectively, compared to the
ACTR mortar reference. This behavior can be related to the reinforcement effect of the
cloisite-Na* nanoclay [61, 62], resulting in a more stable hydrogel during the mechanical
stirring, preventing it from being reduced to small particles and consequently disintegrating in
the mixtures.

Laustsen et al. [63] used polyacrylamide-poly(acrylic acid) SAP to produce concretes.
They concluded that the air content increase in the fresh state is associated with water inside
SAP particles can be weakly connected. Thus, during the cement hydration, water from SAP
will be released, filling the spaces in cement-material created by chemical shrinkage, spaces
that would otherwise be empty pores. In this sense, the water-filled SAP particles are partly or
fully drained during the hydration, creating SAP voids [63]. The authors affirm that swollen
SAP particles generate a stable void system since they have a reduced tendency to segregate
and coalesce.

Dudziak et al. [64] also verify that the use of poly(acrylic acid) SAP exhibited some
improvement in air content and density in the fresh state of pastes and mortars. As also
expected, Mechtcherine et al. [32], applying poly(acrylic acid) SAP in mortars formed from
cement, silica fume, and sand, observed that polymer pronounced modify the mass
consistency, and the air content of the fresh mortar increased around 2.3% concerning the
reference mix.

Cunha et al. [55] obtained a result similar to this type of mortar and SAP. The authors
attributed the expressive increase of air content to the presence of air bubbles left in the
matrix during the release process of the curing water, which can also affect the development
of the mechanical properties.

Suarez [65] discussed that higher SAP content added smaller will be the density in the
fresh state of the mortars produced with cement, silica fume, and sand. The dosage with SAP
(0.2% content) showed a density reduction due to the higher air content occasioned by the
SAP particles and curing water in the mix. The air content increases from 1.6% to reference
mortar (w/c ratio = 0.40) to 2.9% to mortar with 0.2% of SAP.
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Thus, the results obtained corroborating with the discussion presented by other
researchers, indicating that nanocomposite hydrogels directly modify the fresh properties of
cement materials and confirming that air content and density in the fresh state are inversely

proportional.

4.3.3 Water retention

Water retention is a property associated with the capacity of fresh mortar to maintain
its workability when subject to solicitations that occasioned kneading water losses either by
evaporation or water absorption by the settlement substrate [50]. The importance of this
property is mainly in its application aspects, influencing the adherence and productivity of
those who apply it. Figure 4.3 shows the water retention for reference mortars and
nanocomposite hybrid-mortars, varying the Cloisite Na* nanoclay concentration in its

polymeric matrix.
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Figure 4.3 — Comparative of the water retention for mortars containing nanocomposites

prepared from different Cloisite Na* nanoclay amounts and water/cement of 0.40. *Average
with their respective standard deviation values followed by equal letters do not differ statistically from each
other, following the Tukey test with a 95% confidence level.

In general, the results presented a slight variation (but statistically significant) among
them, with an overall average value of 99% in water retention for all mortars. Satisfactorily,

60



these results are according to ASTM C270-19a [58], where the minimum retention is 75%
and the recommendations of NBR 13278 [46] that permits to classify these mortars as “Class
E” because they have water retention values between 95 and 100%.

As mentioned, the application of hydrogels with Cloisite Na® nanoclay in these
mortars increased this index, being more evident for AHN20 mortar, i.e., highest nanoclay
concentration in its polymeric structure. The hydrogels without and with 10% nanoclay in
their compositions did not cause significant statistical effects for mortars compared with the
reference sample ACTR. These small variations were 0.1% and 0.2% for AHNO and AHN10
mortars produced with 0.5% (wt/wt cement) hydrogel, respectively. However, AHN20
mortar increased 0.5% concerning ACTR mortar, revealing that the nanoclay acts as an
important agent in water retention by the polymer. This occurs because the polymeric
structure of hydrogel modifies its morphology, acting, as already discussed, as a physical
crosslinker and changing the absorption and release water kinetics [66, 67].

This behavior can be related to the water parcel of dosage of hydrogel-mortars
presoaked to reduce the availability of free water in the mix. In contrast, this amount of water
is stored, a priori, within the polymer particles [1]. Thus, an internal water reservoir is created
into the fresh cement material, acting as a curing agent by gradually releasing absorbed water
during the hydration process [68]. This trend was also observed by Tendrio Filho et al. [69],
who affirm that synthetic SAP hydrogels absorb and retain a certain amount of the water
(depending on their absorption capacity) after water reservoir acting, keeping its level of
internal relative humidity high for a considerable time. Indeed, Jensen et al. [70] noted that
water retention in SAP also reduces free water content and w/b ratio due to its capacity of
absorption or retention part of the mixed water upon dosage in concrete.

Water retention of these mortars due to the hydrogel dosage directly affects the
workability. Thus, the consistency index decreases according to the future discussion
presented in section 4.3.4. Although this direct reduction and modification in the rheological
properties of the cement materials are related by several authors [17, 39], the water retention
can be interesting because it allows that internal humidity is maintained [54]. This gain may

prevent cracks due to plastic shrinkage [71] and improve the hydration of cement particles.

4.3.4 Consistency index

The consistency index is a parameter defined in function of the purpose of application

of the cementitious material. This material does not present any segregation process for each
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mixing, transportation, placing, and surface finishing process, and a homogeneous mixture
can be obtained [57, 72]. Thus, this index measures the workability, which is considered one
of the most important properties of cement-based materials, and a key, site-specific factor
considered in mortar design [73]. The changes in consistency index for mortars produced with
different water/cement ratios (w/c) and mortars with different hydrogel and nanoclay
concentrations with w/c of 0.40 are shown in Figures 4.4 (a and b), respectively.

In general, the results demonstrated that the consistency indexes depend directly on
the quantity of available water used in mortar preparation [37]. Figure 4.4a showed this
condition for mortar without hydrogels, where the higher the wi/c ratio, the higher the free
water quantity in the mix, and consequently, better mortar workability. The consistency index
increased about 61% when realized a comparison between the wi/c ratios of 0.50 and 0.35.
Therefore, this evidenced that this expressive increase can be attributed to the friction
reduction between the mixed solid particles caused by the rise in water content [74].

Contrary, although these cement-material types improve their workability, it is known
that the strength compressive can inversely vary with the water/cement ratio [7]. Thus, the
mortar’s final water/binder ratio is the most critical factor determining the hardened
mechanical properties [75]. Therefore, this is an important parameter to be evaluated mainly

in cementitious materials that require excellent mechanical performance.
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Figure 4.4 — Comparative of the consistency index for mortars with different water/cement

ratios (a); different Cloisite Na* nanoclay hydrogels and water/cement of 0.40 (b). *Average
with their respective standard deviation values, followed by equal letters, do not differ statistically from each
other, following the Tukey test with a 95%* confidence level.

Figure 4.4b presents the changes in the consistency index caused by Cloisite Na*

nanoclay concentration variation present in the hydrogel. All mortars were produced with a
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w/c ratio of 0.40. Due to this condition, a hydrogel dosage of 0.50% demonstrates a
satisfactory mechanical performance and workability conforming to previous studies realized
by our research group [76,77]. Furthermore, it was possible to note that all mortars with
hydrogel had good workability, although its consistency index had been reduced with the
concentration Cloisite Na* increase.

The decreases in the slump flow regarding the control were 0.9%, 1.1%, and 4.9% for
AHNO, AHN10, and AHN20 mortars. The reduction in free water in the fresh mixture will
inevitably affect the workability of material cementitious [78]. In contrast, an effective w/c
ratio is lower than those proposed by the initial dosage because part of free water remained in
the absorbent polymer matrix.

Gupta et al. [44] observed that the flow is significantly reduced even at higher SAP
(sodium polyacrylate-based commercial) dosage as the amount of pre-absorbed water in SAP
increases. Two main reasons are probably related: i) the reduction in free water content in the
fresh mix due to absorption of water by SAP; ii) the swollen SAP particles, which act as soft
aggregates. The results presented by these authors showed that 0.3% SAP-mortars reduced
around 17% the values of slump when compared with reference mortar produced with
cement, sand, and water (1: 2.75 w/c ratio = 0.45).

Similarly, Dang et al. [42] demonstrated that synthetic SAP based on sodium
polyacrylate (Hebei Xiguang Chemical Technology Co. Ltd.), presoaked with deduction of
mix internal curing water, also had a significant influence in the slump of concretes. They
verified that concretes produced with 0.3% of SAP in their composition present a reduction of
about 31% in their consistency index compared with reference samples, following the same
trend to the obtained results. Yang et al. [79] also observed that cement-mortars with 0.4% of
synthetic SAP (polyacrylic acid), concerning the cement mass, reduced its slump flow,
attributing it to the thickening effect caused to SAP in the mixture due to the free water
absorption by these polymers.

Senff et al. [17] showed that the presence of dry synthetic SAP (Evonik®) reduces the
mortar workability, and this decrease is attributed to ionic nature and the interconnect chain
structure of SAP particles that improve the chemical affinity with the water kneading
molecules, increasing the level of absorption of these polymers. Consequently, the relative
quantity of free water available in the mix decreased, being necessary to adjust the w/c ratio to

maintain the workability to a more extended period.
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Another relevant aspect to be discussed about the results obtained (Figure 4.4b) is that
besides hybrid nanocomposites to have evident potential as hidroretentor agents, as also
described by Paiva et al. [38], the Cloisite Na* nanoclay presence directly influences the
absorption and release kinect of the hydrogel over time, impacting on the fluidity of cement-
material in their fresh state.

This occurs because the nanoclay, besides acting as a reinforcing agent, can improve
some physical properties of polymers [29, 80, 81] and increase the hydrophilic properties of
these nanocomposites [82]. Thus, the effect obtained by adding the nanoclay is to reduce the
swelling degree since the clay intercalated into the polymeric chains can act as a crosslinking
agent for these polymer networks and, consequently, a slower water release over time [61],

reducing the workability when applied in cement-materials.

4.3.5 Exudation index

Exudation in cement materials is a type of segregation in which part of the mixing
water tends to migrate to the surface of the mortar early age produced. It is caused by the
inability of the mixture solid constituents to retain all the mixing water when they settle
towards the bottom [74]. Exudation is not necessarily harmful, and the effective w /c ratio can
be decreased, with a consequent increase in resistance, if the exudation is not disturbed. In
this context, hydrogels can contribute to the water retention stage at more recent ages and
prevent this type of phenomenon. From Figure 4.5, it is possible to analyze the behavior of
mortars without and with hybrid nanocomposites about changes in the exudation rate of this
type of cementitious material caused by the water retention, as already discussed in section
4.3.3.
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Figure 4.5 — Exudation index as the function of time for cement-mortars with different

Cloisite Na* nanoclay hydrogels and water/cement of 0.40. *Average with their respective standard
deviation values, followed by equal letters, do not differ statistically from each other following the Tukey test
with a 95% confidence level.

In general, results pointed that all mortars with hydrogel in their composition
presented an exudation index reduction, indicating that the hydrogels act as water retains
agents [20, 37, 83]. From the graphical representation (Figure 4.5), it is possible to observe a
sharp growth in the exudation rate in the first 60 minutes, where it reaches its maximum
value. After this time, exudation rates decreased in the function of initial and end-setting time
of cement Portland used.

The maximum values of these decreases observed near 60 min were 9.5%, 27.1%, and
41.3% to AHNO, AHN10, and ANH20 mortars, respectively, about the reference ACTR
mortar, and permit to relate them with the previous results already discussed. The Cloisite Na*
nanoclay concentration causes higher water retention, a reduction in the consistency index,

and, consequently, a decrease in exudation rate, according to Table 4.1.

65



Table 4.1 - Average value and standard deviation to physical properties in the fresh state to
different mortars

Consistency index Water Retention Density in fresh state  Exudation index

Mortar

(mm) (%) (g/cm?) (mL/cm2)
ACTR 282.20+0.752 99.02 +0.07° 2.16+0.012 0.0140 + 0.0007 @
AHNO 279.02 +1.52° 99.12 +0.01° 2.16+0.012 0.0130 + 0.0001 ®
AHN10 279.67 +1.36° 99.22 +0.04 " 2.15+0.012 0.0100 + 0.0006 ¢
AHN20 268.50 + 0.45°¢ 99.55 + 0.08 @ 2.14+0.012 0.0070 + 0.0003 @

*Average with their respective standard deviation values, followed by equal letters, do not differ statistically from each other
following the Tukey test with a 95%* confidence level.

Yan et al. [60] justify this decrease in free water in the cement matrix, caused by
hydrogels as a common phenomenon of “competitive absorption” between SAP and cement-
based materials during mixing, which notably influences the workability and rheology of
these mixtures.

These behaviors are related to factors previously discussed, mainly the free water
decreases in the mixture because part of the kneading water is found inside the polymer [3],
and the nanoclay concentration directly influences the kinetics of release of this. Sarbapalli et
al. [1] concluded that the SAP add provides a specific improvement in the water retention
property of the studied mortars. They found that an increased dosage of SAP (based on
acrylamide/acrylate) causes a more significant reduction in the rate of water loss due to the
water retention capacity by the polymer.

Therefore, using hydrogels in the mortar as a moisturizing agent, avoiding excessive
exudation rates, can contribute to preventing problems such as weakening of paste-aggregate
adhesion, reducing permeability, and preventing the formation of a porous surface layer, weak
and with little durability [57].

4.4 CONCLUSIONS

This study investigated the effect of hydrogels as water retains agents on the fresh
properties of mortars. The findings from this study are listed as follows:

- The average density value in the fresh state of all hydrogel-mortars presents
significative statistical variation compared with the control mortar, whose average
value was 2.16+0.01 g.cm™,

- The increased air content property is more pronounced for AHN10 and AHN20

mortars, increasing 8.2% and 15.8%, respectively. This behavior can be related to the
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nanoclay concentration increases in the polymer matrix because the cloisite-Na*
nanoclay can acts as a reinforcement agent, resulting in a more stable hydrogel during
the mechanical stirring, preventing it be reduced to small particles and consequently
disintegrates in the mixtures.
- In general, the results presented a slight variation among them, with a general average
value of 99% in water retention to all mortars. This behavior can be related to the
water parcel of dosage of hydrogel-mortars presoaked to reduce the availability of free
water in the mix because this amount of water is stored, a priori, within the polymer
particles.
- The decreases in the slump flow were 0.9%, 1.1%, and 4.9% for AHNO, AHN10, and
AHN20 mortars, respectively, compared with the ACTR mortar. The reduction in free
water of the fresh mixture will inevitably affect the workability of material
cementitious. In addition, the effective wi/c ratio is lower than that proposed by the
initial dosage because part of free water is stored in the absorbent polymer matrix.
Remarkably, hybrid nanocomposites based in Cloisite Na* nanoclay and hydrogel
directly influence cement materials' fresh properties. The results permitted us to conclude that
the presence of this polymer in the cementitious matrix provoked an increase in water
retention and a decrease in the exudation index, acting as an internal curing agent. Despite
consistency index reduction and becoming more difficult the mortar application, this behavior
can improve mechanical strength.

However, hybrid hydrogel application is a potential material to the construction field
because it can bring innovation more biodegradable. That control better an important factor to

cement-materials that is the water.
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CHAPTER S

HARDENED PROPERTIES OF
MORTARS - Part 1

“Mechanical properties of cementitious mortars
internally cured with hybrid nanocomposites
based on hydrogel and nanoclay.”
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5.1 OVERVIEW

Water is an important compound to cement-materials production because, from
cement particles, hydration is possible to obtain hydration products that are responsible for
gain mechanical strength over time [1]. However, the hydration process is responsible for the
better performance of hardened state properties of cementitious materials, such as stiffness,
densification, and stability of the cementitious matrix [2]. Sometimes, procedures are required
to achieve these properties, more effective curing, i.e., to maintain the moisture content in the
fresh mix [3].

In this way, recent researches [3,4] have been developed and demonstrated very
promisor the application of the hydrogels in cement matrices. Understanding the behavior of
hydrogels in cementitious materials is necessary for the optimum design of internal curing [5].

Hydrogels as absorbent polymers can assist in the gradual hydration supplying water
inside the samples, i.e., maintaining its internal humidity [6]. Moreover, the application of
these polymers modifies the porosity of the cementitious microstructure, and consequently,
the mechanical properties, like compressive strength and modulus of elasticity of cementitious
materials, as reported by several researchers [7-9].

In this study, a hybrid nanocomposite hydrogel based on polyacrylamide,
carboxymethylcellulose (CMC), and different Cloisite Na* nanoclay concentrations (%owt/ wt
of acrylamide and CMC) as a mortar internal curing agent was prepared. The effects on
hardened state properties such as bulk density, flexural strength, tensile, compressive strength,
and elastic modulus were determined and discussed, also aiming to understand the
interactions between inorganic and organic materials, which may help in the control and
adjust of these properties. Thus, it is expected that the addition of the hydrogel
nanocomposites will bring advances and improvements in the properties of the mortars. In the

future, they can be used as an additive in civil construction.

5.2 EXPERIMENTAL
5.2.1 Hydrogel synthesis and mortar preparation

All materials and details about hybrid nanocomposite hydrogel synthesis and mortar
preparation have been presented in sections 2.1-2.3, Chapter 2.
For the mechanical properties characterization, the samples were demolded after 24

hours of preparation. Then, the samples were conditioned, according to the NBR 9479
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standard [10], in a humid chamber (relative humidity > 98% and temperature of 35 + 2°C)
until the respective age. The final average value was obtained by the arithmetic mean of the

results obtained for each type of mortar tested.

5.2.2 Bulk density

The determination of the bulk density was performed according to ASTM C642 [11]
and NBR 13280 [12], obtaining 12 cylindrical (50 x 100 mm) samples of each mortar
produced.

The values were determined before each compressive strength test at 7, 14, 28, 56, and
91 days. Note, all samples remained in a humid chamber, where they were completely
saturated at the test time. For each age, the mass (m in g) of the samples was recorded on a
semi-analytical balance (Shimadzu BL-3200H), and the volume (v in cm®) was calculated
according to their dimensions (diameter x height) and measured with the aid of a pachymeter
(Mitutoyo 150mm) at three different points on the specimen. Thus, the bulk density (D in

g.cm) was calculated by using Equation 5.1.

D =M/, Equation 5.1

5.2.3 Flexural strength

The flexural strength tests were realized at 7, 14, and 28 days age following
recommendations of ASTM C348-19 [13]. The prismatic specimens (40 x 40 x 160 mm)
were molded by tamping in two layers and demolded after 24 hours. For each age, twelve
samples were maintained in curing conditions (climate room with relative humidity > 95%
and temperature of 35+2°C) until reaching the test age and performed in an EMIC Universal
machine with a 200-ton load limit operating with a loading rate of 0.25+0.05 MPa/s.

5.2.4 Tensile strength

For the determination of tensile strength, a diametral compressive force along the
length of a cylindrical mortar specimen was applied within a prescribed range until failure
occurs. All procedures were based on ASTM C496/C496M-17 [14], and samples were tested
at ages 7, 14, and 28d.

76



The samples were then performed in an EMIC Universal machine with a 200-ton load
limit. Six cylindrical (@ =5 cm and height = 10 cm) samples were tested for each age, and the

tensile strength was calculated using Equation 5.2.

T = ZP/nld Equation 5.2

where T is the splitting tensile strength (MPa), P is the maximum applied load indicated by
the testing machine (N), | and d are the length (m) and diameter of the specimens (m),

respectively.

5.2.5 Compressive strength

The effectiveness of hydrogels as a reinforcing agent in cementitious composites was
also analyzed from compressive strength measurements. For each mixture, twelve samples for
each mortar were cast in cylindrical molds (50 x 100 mm), demolded after 24 hours, and
maintained in the curing conditions until the compressive strength age (7, 14, 28, 56, and 91
days).

Compressive strength of control and polymeric mortars was performed in an EMIC
Universal machine with a 200-ton load limit, maintaining the loading rate equal to 0.25+0.05
MPa/s, following ASTM standard C-109/C109M-16 [15].

5.2.6 Dynamic elastic modulus

Dynamic elastic modulus was found by using prismatic molds (40 x 100 x 10 mm).
The samples were removed from the mold after 24 hours. Six samples of each characteristic
age were cast and stored under the same curing conditions, as described in the previous
procedure, until 48 hours before the test. Immediately before the measures, these samples
were dried in an oven (Quimis Q317M52, Brazil) at 40 °C+1°C for 48 hours.

Dynamic elastic modulus was obtained using a 100 V pulsator/receiver assembly
system, 500 kHz transducer frequency, and digital storage oscilloscope (TDS 2022). Finally,
the measures were realized in two different regions of the prismatic sample to obtain the
mortar behavior throughout the specimen. All procedure was based on the ASTM C-597 [16],
and it was determined at 7, and 28 days ages by applying the Equation 5.3.

Ed = v2*p*((1+uw) * (1-2u)/(1-p)) Equation 5.3
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where Ed is the dynamic elastic modulus (GPa), v is the ultrasonic velocity (m/s), p is the bulk
density of mortars (kg/m?) and u = coefficient of poison (« = 0.20).

5.2.7 Elastic modulus

The elastic modulus was determined for cylindrical molds (100 x 200 mm) with 7 and
28 days curing ages. Twelve samples, in each age, were cast and maintained in curing
conditions (relative humidity > 95% and 25 °C) until the test age. This destructive test was
carried out on an EMIC Universal machine with a 200-ton load limit and loading rate of
0.25+0.05 MPa/s, following the ASTM C469M-14 standard [17]. The strain gauges were used
directly on the samples to determine the strain data, and the elastic modulus was obtained by

axial compression testing.

5.2.8 Volume of permeable voids spaces

Volumes of permeable voids spaces were tested following ASTM C642 [11] at 28
days of age. A total of six samples (& = 3cm and height = 1.5 cm) for each mortar type were
prepared, with three samples remaining under wet curing (35°C+2°C and 98% Relative
Humidity), and other three samples under ambient curing (35°C+2°C and 55% Relative
Humidity) conditions until 28 days.

At 28 d, the masses of the samples were determined on a semi-analytical balance
(Shimadzu BL-3200H) and dried in an oven (Quimis Q317M52, Brazil) at 105+5 °C for 72
hours. During this period, all masses were measured every 24 hours.

After 72 hours, the specimens were immersed in water (25°C+2°C) for another 72
hours to determine the saturated mass after immersion, being again weighted every 24 hours.
Subsequently, the previously immersed specimens were placed in a suitable receptacle,
covered with water, and boiled for 5 hours. The samples were cooled by a natural loss of heat
for 24 hours, then their saturated masses after boiling were determined (Shimadzu BL-
3200H).

Finally, after immersion and boiling processes, all specimens had their apparent
masses determined on a hydrostatic balance. Then, an estimate of the volume of permeable
voids was determined by Equation 5.4.

%Vol.permeable pore space (voids) = [(g, — g1)/92] * 100 Equation 5.4
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where g1 = bulk density, dry, Mg/m® and g2 = apparent density, Mg/m3. *(1 Mg/m® = 1
glcmd).

5.2.9 Statistical analysis

The experimental results for each treatment sets were available by analysis of variance
(ANOVA) from the Tukey test, with a 5% significance level, using SISVAR® software.

5.3 RESULTS AND DISCUSSION
5.3.1 Bulk density

Figure 5.1 shows that the bulk density of the mortars was not influenced by either
curing age or the presence of hydrogels or their nanocomposites. Similar results were
presented by Esteves et al. [18] regarding a Portuguese Portland cement reinforced with a
cross-linked acrylamide/acrylic acid copolymer.

The average bulk densities were ~2.18+0.02 g.cm™®. Only a discrete and not
statistically significant decrease in this property was observed for the polymer-cement mortars

compared to the control sample.
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Figure 5.1 — Comparative of the evolution of bulk density over time for mortars control and

mortars produced with 0, 10, and 20% Cloisite Na* nanoclay hydrogels. *Average with their
respective standard deviation values, followed by equal letters, do not differ statistically from each other
following the Tukey test with a 95% confidence level.
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This behavior suggested that the curing procedure used directly interfered with the
effect of the hydrogels as internal curing agents because all samples were placed in a humid
chamber (relative humidity of >95%) until the time of the test, indicating that the samples
were fully saturated due to the high humidity rate. Thus, the hydrogels present in the
microstructure of the cementitious material were probably fully or partially swollen, and
water release did not occur or only occurred slower and partially. Another possible reason this
index did not vary is the small amount of hydrogel (0.5% concerning the mass of cement)
added to the mortar, which did not significantly interfere with the specific mass of the set.

Ideally, to verify the real effect of the hydrogels in the mortar, the samples would be
exposed to low humidity conditions, thereby allowing the hydrogels to release water in a
more controlled manner. Therefore, the continuous hydration of cement particles could be an

efficient method for reducing shrinkage, as reported previously [19-21].

5.3.2 Flexural strength

The flexural strength of all cementitious mortars at 7, 14, and 28 d of aging can be

visualized in Figure 5.2.
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Figure 5.2 — Flexural strength of control and mortars produced with 0, 10, and 20% Cloisite

Na" nanoclay hydrogels at various ages. *Average with their respective standard deviation values,
followed by equal letters or numbers, do not differ statistically from each other following the Tukey test with a
95% confidence level.
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In general, all the mortars demonstrated similar behavior, i.e., their flexural strength
increased over time. At 7 d, the flexural strengths of ACTR and AHNO were statically similar,
and their values were slightly superior to the AHN10 and AHN20 mortars, representing
reductions of 3.10% and 12.58%, respectively, compared to the control sample. The behavior
of the AHNO mortar is possibly attributed to the faster release of water by the hydrogel, which
indicates higher hydration at an early curing age. It also indicates that the Cloisite Na*
concentration in the hydrogel matrix modifies the water release [22].

At 14 d, the ACTR, AHNO, and AHN10 mortars presented similar average strength
values of 7.36+0.24, 7.12+0.48, and 6.77+0.12 MPa, respectively only the AHN20 mortar
showed a significant reduction of 18.75% relative to the reference. Similarly, at 28 d, the
flexural strengths of ACTR, AHNO, and AHN10 did not vary statistically, and the AHN20
mortar also presented a reduction of 20.54% relative to the reference.

Such reductions can be attributed to the presence of hydrogels acting as low
mechanical resistance inclusions inside the mortars due to the previously established curing
conditions (moisture curing in the humidity chamber). The high humidity in the curing
process implies that the hydrogels remain swollen due to the saturated conditions of the
environment.

At 28 d, it was possible to establish a relation between flexural strength and nanoclay
concentration. The reductions in mortars produced with high nanoclay content hydrogels are
related to longer water retention and release over time by the hydrogels [23]. Under the
saturation conditions imposed by the wet curing process, polymers with higher Cloisite Na+
contents tend to remain swollen for longer, as small internal water reservoirs of low
mechanical strength, in the cement matrix.

Similar results were also found by Farzanian et al. [5], where the addition of
superabsorbent polymers decreased the strength of cement pastes. However, the authors
applied synthetic hydrogels and attributed these reductions to the formation of macrovoids
during water desorption by the hydrogels.

5.3.3 Tensile strength

The mechanical resistance of the mortars concerns the coating having a state of
internal consolidation that can support simultaneous mechanical efforts, such as tensile,

compression, and shear strain [24, 25].
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Figure 5.3 — Tensile strength mortars control and mortars produced with 0, 10, and 20%

Cloisite Na* nanoclay hydrogels at various ages. *Average with their respective standard deviation
values, followed by equal letters or numbers, do not differ statistically from each other following the Tukey test
with a 95% confidence level.

Figure 5.3 reveals that all the mortars increased their average values over time. After 7
d of aging, all the mortars with hydrogels had average values higher than the control samples.
These increases were 29.9%, 21.7%, and 20.5% for AHNO, AHN10, and AHNZ20,
respectively. However, with longer aging, the mortars with hydrogels showed more
pronounced reductions at 28 d, with values of 4.51%, 1.14%, and 13.23% for AHNO, AHN10,
and AHN20, respectively.

In agreement with the flexural strength results, the AHN20 mortar showed a more
significant reduction over time, with values of ~2.95 MPa, very similar to those reported by
Beushausen [26]. Similarly, it is possible that the curing conditions of the samples interfered
directly in the behavior of the hydrogels in cementitious matrices. It is also noteworthy that
the nanoclay concentration interferes in the behavior of the hydrogels as curing agents, as
observed earlier.

The constancy of the average values observed for the AHN20 system over time is due

to a slower water release inherent to this specific hydrogel. The hydration provided by this
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composition is a guarantee of the availability of water needed to make the hydration reactions
of the cement particles over time more effective. Thus, the microstructure of the mortar with
hydrogels with high concentrations of nanoclay can become denser and have its tensile

strength improved at later ages.

5.3.4 Compressive strength

The results of the compressive strength tests of the mortars are given in Figure 5. This
mechanical property was increased for all the mortar systems over time, in agreement with
earlier studies [5, 27]. This behavior can be related to the hydrogel contribution in the internal
curing process.

At 7 d, the AHNO, AHN10, and AHN20 mortars presented decreases of 10.42%,
11.71%, and 14.69%, respectively, compared with the ACTR. These reductions can be
attributed to two important factors: curing conditions and void formation, where the volumes

of permeable pores, at 28 d, are higher in mortars with hydrogels.
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Figure 5.4 — Evolution of compressive strength over time for mortars produced with 0, 10,

and 20% Cloisite Na* nanoclay hydrogels. *Average with their respective standard deviation values,
followed by equal letters, do not differ statistically from each other following the Tukey test with a 95%
confidence level.
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As the samples remained in wet curing (35+2 °C and relative humidity of >98%) until
24 h before their rupture, the hydrogels as absorbent polymers were totally or partially
swollen with water inside the cement matrix, i.e., they may have released only a small amount
of water. Thus, the hydrogels start to act as small water reservoirs [28] of low mechanical
strength inside the mortars, causing a force scattering effect [19, 29] and consequently
compromising their mechanical properties.

Similar behavior has been reported previously. Sun et al. [27] reported that the
insertion of synthetic hydrogels weakened the mechanical properties of the mortars, especially
during the early stages. Beushausen et al. [26] concluded that the addition of synthetic
hydrogels resulted in a smaller strength mainly during the early ages, while Craeye et al. [30]
confirmed that the use of hydrogels as internal curing agents also has some disadvantageous
effects on the mechanical properties. However, the loss of strength seems to be partially
recovered over time due to the water available for cement hydration given by the internal
curing mechanisms [26]. At 28 d, the compressive strength improves as the nanoclay in the
hydrogel increases; however, AHNO and AHN10 show averages of 14.35% and 8.96% lower
than the control.

In contrast, the AHN20 mortar presented values statically similar to the ACTR mortar,
indicating that hydrogels with high nanoclay concentrations, regardless of the wet curing
conditions, contributed to a decrease in the voids in the mortar, in agreement with the results
presented in section 5.3.6. This highlights the positive actions of the polymer as a hydration
agent in the cementitious matrix [31] and is also attributed to the mechanical reinforcing
effect caused by the presence of nanoclay [24] in the polymer matrix.

Our results suggest that the controlled water release from hydrogels can contribute to
controlling the chemical reactions initiated by the hydration of the components of Portland
cement. Therefore, the main reactions are essentially the formation of calcium silicate hydrate
(C-S-H), calcium aluminate hydrate, ettringite, calcium monosulfaluminate hydrate and
calcium hydroxide from the hydration of calcium disilicate (2Ca0.SiO2 or C2S), calcium
trisilicate (3Ca0.SiO2 or CsS), tricalcium aluminate (3CaO.Al203 or C3A) and tetracalcium
aluminoferrite (4Ca0O.Al203.Fe203 or C4AF) [32], as can be seen from the SEM images
(Chapter 6).

Notably, at 91 d, the compressive strength increases continuously, and the differences
in the resistance were reduced to 8.16% and 5.04% for the AHNO and AHN10 mortars,
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respectively, compared with the ACTR samples. The ACTR and AHN20 mortars showed the
same mechanical behavior, with ~31 MPa.

These results indicated that the strength gain, at later ages, was more accentuated for
the mortars with hydrogels with higher nanoclay concentrations because, as previously
discussed, the water released by the hydrogel with 20% Cloisite Na*™ occurs more slowly than
the other types. Thus, water availability for a longer period may improve the hydration
conditions of cementitious materials and consequently improve the compressive strength [33].

Notably, the results found for all mortars demonstrated that hydrogels directly
influence the mechanical properties of the mortars tested. The AHN20 mortars, regardless of
the type of curing applied, showed compressive strength similar to the ACTR mortars at later
ages due to the presence of nanoclay at a concentration that allows a slow release of water

over time its reinforcing effect on the polymer matrix.

5.3.5 Dynamic elastic modulus

The mechanical behavior of the cement mortars was also investigated using ultrasonic
non-destructive testing [34]. The dynamic elastic modulus results presented in Figure 5.5
indicate that all the mortars prepared with hydrogels have a lower average value at 7 d than
the ACTR mortar.

At 7 d, the reductions were 11.69%, 14.41%, and 20.83% for AHNO, AHN10, and
AHN20, respectively. Despite presenting a reducing trend for the dynamic elastic modulus,
with the increase of nanoclay in the hydrogels, the mortars with hydrogels did not present
statistically significant differences between them. The pre-soaked hydrogels provide a
reduction in ultrasonic velocity, which may also be related to the observed reduction in the
compressive strength values for this age [34]. The dynamic modulus results agree with the
compressive strength results since as the mechanical strengths reduced, this property also

showed similar behavior.
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Figure 5.5 — Dynamic elastic modulus at 7 and 28 d obtained by ultrasonic velocity for

mortars produced with 0, 10, and 20% Cloisite Na" nanoclay hydrogels. *Average with their
respective standard deviation values, followed by equal letters, do not differ statistically from each other
following the Tukey test with a 95% confidence level.

At 28 d, the mortars with hydrogels also showed lower average values compared to the
control. The reductions were 16.16% and 11.89% for AHNO and AHN10, respectively, and
they are smaller as the nanoclay concentration of the hydrogel increases. However, the result
of the AHN20 mortar is statistically similar to the ACTR mortar. The average values of this
matrix were 33.67+1.24 GPa, showing that the presence of the nanocomposite increases its
stiffness due to a possible improvement in matrix densification caused by a slower release
process. This behavior is linked to the kinetics of water release by the polymer with a high
amount of nanoclay, indicating that despite the lower swelling degree, this type of hydrogel
[35] can release water for long periods in the internal curing process.

In addition, the Cloisite Na* in the hydrogel may also act as a reinforcing agent for the
microstructure of the mortar, mitigating the effects of porosity on the compressive strength
and elastic modulus.

The discrete variation of the modulus represents a satisfactory condition because the
polymer influences the chemical reactions initiated by the hydration of the Portland cement
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components [32]. Thus, these products obtained due to hydration for a longer period can
compensate for the porosity formed by the hydrogel after its complete water-release process,
thereby making the matrix more compact with less shrinkage and consequently without

microcraking seen in the SEM images.

5.3.6 Elastic modulus

A complementary method to analyze the mechanical properties of the mortars is
through the elastic modulus (E-mod) determination at 7 and 28 d. Figure 5.6 shows the E-mod

results for all mortars at the default ages.

60

] [ ]JACTR [__]AHNO [ AHNI10 [ AHN20
55 —
50 -

45_. a,b ab

N
o
]
F

35

Elastic Modulus (GPa)

= = N N w
o (6} o ol o ol o
PR PR PR TN SR B |

7 days 28 days
Age

Figure 5.6 — Elastic modulus at 7 and 28 d for mortars produced with 0, 10, and 20% Cloisite

Na* nanoclay hydrogels. *Average with their respective standard deviation values, followed by equal
letters, do not differ statistically from each other following the Tukey test with a 95% confidence level.

In general, the behavior of all the mortars was similar to the dynamic elastic modulus
discussed previously, and they agree with the compression strength results. At 7 d, ACTR
presented the highest E-mod, indicating that the hydrogel influences the elastic behavior of
these matrices. The reductions observed were 8.81%, 8.85%, and 27.04% for AHNO, AHN10,

and AHNZ20, respectively. However, the statistical analysis indicated that there are no
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statistically significant differences between the ACTR, AHNO, and AHN10 mortars, while the
values of AHN20 were statistically less than ACTR, in agreement with Beushausen et al.
[26], who reported that the use of synthetic hydrogels remarkably reduces the modulus of
elasticity of mortars.

This mechanical behavior is similar to the dynamic elastic modulus where the control
samples presented higher values than those of AHN20, which had a reduction due to the water
presence inside the hydrogel, since the release from the polymer is slower, and it can cause a
loss in stiffness [26].

The increase in the rigidity of the mortars with hydrogel, quantified by the E-mod, can
be observed at 28 d, where the AHN20 presented an average value of 40.64+0.92 GPa,
corresponding to an increase of 16.55% concerning ACTR due to the increase in the stress
and the decrease in the strain presented by the mortar. These results also corroborate those for
the compressive strength and dynamic elastic modulus. In contrast, the AHN20 was higher
than other mortars (ACTR, AHNO, and AHN10) because they improve their densification
occasioned by efficient hydration provided by the hydrogels with the highest nanoclay

concentrations.

5.3.7 Volume of permeable pore space (voids)

The volumes of permeable pore spaces (voids) at 28 days using the results from this
study are presented in Figures 5.7 (a and b), respectively. These results are important and
complementary to understanding some of the mechanical behaviors observed previously. The
desorption process by the hydrogel, over time, leads to the formation of voids in the
microstructure and plays an important role in the mechanical properties [5].

Thus, each plot in Figures 5.7 (a and b) represents the mean result for each mortar at
two different curing conditions. The results obtained were similar for the two curing
conditions at 28 d, to which the samples were subjected before the test. Both the ACTR and
AHN20 mortars presented a smaller pore volume, i.e., they did not present statistical
differences between them. However, this behavior is more pronounced for samples placed in

dry curing.
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Figure 5.7 — Volume of permeable pore space (voids) at 28 d for mortars produced with 0, 10,
and 20% Cloisite Na* nanoclay hydrogels, in two different conditions: (a) dry and (b) wet

curing.*Average with their respective standard deviation values, followed by equal letters do not differ
statistically from each other following the Tukey test with a 95% confidence level.

For dry curing, AHNO and AHN10 showed increases of 9.91% and 5.28%,
respectively, relative to the control. Under wet curing conditions, for these same mortars, the
increases were 11.87% and 10.67%, respectively. This indicates that the release of water is
higher for the hydrogels with smaller amounts of nanoclay in their compositions, as reported
previously [22, 23, 35].

Thus, AHN20 has slower kinetics of release inside the cementitious matrix, which
possibly maintains the internal moisture for a longer period and consequently improves the
hydration processes of the cement. Although the hydration products of the cement around the
particles of the hydrogels can partially fill the voids occasioned by them, and thus small pores
still can exist. The low resistance of the hydrogels introduces weak zones that decrease the
mechanical performance of these mortars [27].

Moreover, even though they are still partially loaded with water inside the cement
matrix, their high nanoclay concentration (20% wt/AAm + CMC wt) implies a more stable
hydrogel structure, acting as a reinforcing agent and reducing the impact of porosity on the
mechanical properties of the mortars.

The hydrogel presence impacted all the mechanical properties discussed in this study,
and the results for the percentage of voids established this important relation between the
mechanical properties and porosity. Nevertheless, this information is useful for designing new
mortar composites since voids are sites of weakness that control the mechanical properties of

these materials [36].
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5.4 CONCLUSIONS

This study investigated the effect of hydrogels on the mechanical properties of mortars

in their hardened state. The main findings are listed as follows:

The bulk densities of the mortars do not change with the presence of hydrogel. The
average values of bulk densities were ~2.18+0.02 g.cm?. This indicated that the
curing procedure used interfered directly with the effect of the hydrogel as an internal
curing agent. This is because the hydrogels present in the microstructure of the
cementitious material were probably fully swollen, and water release did not occur or
occurred slower and partially. Another possible reason this index did not vary is the
small amount of hydrogel (0.5% concerning the mass of cement) added to the mortar,
which did not significantly interfere with the specific mass of the set.

The hydrogel influences the mechanical behavior in all mortar systems studied. These
reductions observed were attributed to control of the cementitious microstructure,
which became more porous with the presence of hydrogels.

Cloisite Na* acts as a reinforcing agent, and modifying its absorption and water release
Kinetics also contributed to improvements in the compressive strength at older ages.
The increase of nanoclay in the hydrogel matrix permits a more controlled water
release over time, possibly resulting in better internal hydration. Additionally, the
AHN20 system presented improved mechanical behavior with longer aging.

ACTR and AHNZ20 presented lower percentages of voids in their structures, and thus
their mechanical properties were similar and better than AHNO and AHN10. This
leads to the conclusion that the low resistance of the hydrogels introduces weak zones
that decrease the mechanical performance of these mortars.

Therefore, these hybrid nanocomposites are expected to bring new technology and

improvements in the properties of cementitious material so that they can be applied in the

future as efficient additives in the civil construction industry.
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CHAPTER 6

HARDENED PROPERTIES OF
MORTARS - Part 2

“Application of hybrid nanocomposites based on
hydrogel and nanoclay as a technological
potential for drying shrinkage reduction in
cementitious mortars.”
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6.1 OVERVIEW

Most cement-based materials consist of a binder matrix, with or without aggregates,
and are considered as porous composites [1] with good durability and versatility [2], which
contribute to their widespread usage and study in the field of construction technology [3,4].

However, because these materials are heterogeneous and multiphase [5], they have
properties that are directly affected by the characteristics of each constituent material [2].
Therefore, research on chemical admixtures has been carried out, mainly regarding water
control [6], because most of the chemical reactions of cement hardening occur in the presence
of this component [7,8].

Water control is a method that ensures the more effective hydration of cement
particles, which contributes to the development of a more uniform microstructure and pore
structure [9,10], improving the mechanical properties and durability [11] cement-based
materials.

This procedure is denominated as an "internal cure,” and its function is not only to aid
cement hydration but also to maintain high humidity inside the cement matrix [12]. It should
also be emphasized that curing is an essential and recommended procedure for cementitious
materials because, if correctly performed, it allows for potential gains in resistance and
durability [13]. Examples of internal curing agents include materials such as lightweight-
saturated aggregates [14] and absorbent polymers [6, 15].

On this basis, several studies on cementitious composites have been developed with
the application of synthetic commercial superabsorbent polymers based on acrylamide, acrylic
acid, sodium acrylate, and methyl acrylate in cementitious materials as internal curing agents
[16-19]. The main characteristics of these polymers are the absorption and release of water
over time [20], which effectively contribute to the maintenance of the internal moisture of the
cementitious matrix, since traditional curing methods, such as wet and membrane curing, are
considered external curing methods [10].

Thus, problems related to drying and shrinkage, such as the cracks [21], in cement
materials with a low a/c ratio, can be minimized by applying these polymers to the mixture.
Because they prevent the pores of the microstructure from remaining unsaturated, acting as an
internal source of water to increase hydration and reduce drying effects [22].

In general, drying shrinkage occurs because the material suffers a decrease in internal
relative humidity. Already water evaporation occurs from within the capillary network in the

cementitious material exposed to air with lower relative humidity than that found in the
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capillary pores [23], causing the appearance of cracks that can compromise the performance
of the structure.

Therefore, the purpose is to obtain the hydrogels to neutralize the two mechanisms that
cause the development of these volumetric deformations due to self-dissection, being them: i)
decrease in the disjoining pressure between C-S-H gel particles; ii) decrease in the menisci
radii of the pore water, which bespeaks an increase in tension both within the pore water and
at its surface [6].

Thus, the purpose is to verify the effect of the hybrid nanocomposite on the behavior
of properties of cementitious mortars, mainly in properties related to water absorption, loss of
mass, shrinkage by drying, and microstructure. In short, the study of such composites makes it
possible to evaluate the potential of semi-synthetic hydrogels as a technological innovation
for the construction industry since the results are favorable to the improvement of the

properties analyzed.

6.2 EXPERIMENTAL
6.2.1 Hydrogel synthesis and mortar preparation

All materials and details about hybrid nanocomposite hydrogel synthesis and mortar

preparation have been presented in sections 2.1-2.3, Chapter 2.

6.2.2 Water absorption

The presence of nanocomposite hydrogels in the cementitious matrix can increase
their porosity. The spaces filled with water are replaced by air at the end of the release water
process by these polymers. Therefore, it was necessary to determine the water absorption by
immersion, where the water is conducted and tends to occupy the permeable pores of a porous
solid specimen. The test was performed following ASTM C1403-15 [24]. Four cylindrical
samples (@ = 5 cm and height = 10 cm) were produced. After the preparation and demolding
of the samples, they remained in a humidity chamber (98% relative humidity and temperature
of 35+2°C) until the test was performed.

The study was done at the ages of 7, 14, and 28 d to verify the water absorption over
time. At these characteristic ages, the specimens were previously dried in an oven (Quimis
Q317M52, Brazil) at 105+2 °C for 72 hours until achieved constant mass, i.e., when the
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variation in mass measured is less than 0.5% of its initial mass. Thus, the dry mass (Mmary)
could be measured on a semi-analytical balance (Shimadzu BL-3200H).

Subsequently, the samples were immersed in water at room temperature (25+2°C and
relative humidity ~55%) and kept for 72 hours in this immersed condition. Posteriorly, the
saturated masses of the samples (msat) were measured (Shimadzu BL-3200H) each 24 hours to
check the variation in mass throughout the test. Water absorption index was obtained by the

ratio between the difference of the msatand mary by mary.

6.2.3 Capillarity coefficient

The capillarity coefficient of mortars aimed to analyze the effect of nanocomposite
hydrogels on the velocity of water absorption and its durability throughout its useful life. The
testing was performed according to the specifications of the European standard EN 1015-8
[25] and Brazilian standard NBR 15259:2005 [26]. A total of six prismatic samples (4 x 4 x 8
cm) were molded.

The samples after molding remained in wet curing (98% relative humidity and
temperature of 35+2°C) until the age of the test. This was performed at 28 days, with 6
prismatic specimens with 40 x 40 x 80 mm dimensions for each mortar type. Initially, the
samples were dried in an oven (Quimis Q317M52, Brazil) for 24 hours at 60+5 °C until a
constancy of mass (semi-analytical balance Shimadzu BL-3200H).

After drying, the cross-sections of the samples were determined using a digital
pachymeter to proceed with the process of waterproofing the side faces, except the bases, with
beeswax. The application of the wax on the sides of the sample had the function of preventing
water entrance.

Posteriorly, the samples were weighed (semi-analytical balance Shimadzu BL-3200H)
individually and immersed, with the non-waterproofed bases in direct contact with a 10 mm
water slide arranged in a container. All mass samples were measured at 10, 30, 60, 90, 180,
300, 480, and 1440 minutes. The determination of the capillary coefficient was calculated by
the ratio between the difference between the saturated mass and the dry mass by the cross-

section of the test body, and the capillary coefficient (Ci) was calculated by Equation 6.1.

, Mgo; — Myg; i
ci = Moo 10L)/Ai . (9012 — 101/2) Equation 6.1
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where Mooi (g) is the sample mass i at 90 minutes; Muoi (g) is the sample mass i at 10 minutes,
and Ai is the transversal area of sample i in contact with water, expressed in dm?2. The

capillary coefficient of each mortar was calculated as the average of the 6 samples tested.

6.2.4 Weight loss

Weight loss of the samples evaluates the effect of the hydrogels on the velocity of
mortar drying. Three prismatic samples (50x100x10 mm) of each type of mortar were used
for the test. After 24 hours of mortar preparation, the samples were deformed and stored in a
closed recipient to control humidity and temperature over time better. The temperature and
relative humidity measurements inside the recipient and the sample masses were checked
daily for 28 days (Shimadzu BL-3200H).

For this, a table-top Thermo hygrometer with internal and external sensor model TH-
02 (Impac Ltda, Brazil) was used. These measurements were performed positioning the
apparatus together with the samples, inside the closed recipient, for 5 min until complete
stabilization. Thus, the weight loss of the samples was calculated by the difference in mass at

time t and the initial mass.

6.2.5 Drying shrinkage

The determination of drying shrinkage followed NBR 15261 [27] and ASTM C596-18
[28] standards. For each type of mortar, 9 samples with 25 x 25 x 280 mm sizes were used
and prepared following ASTM C490/C490M-17 [29].

For comparison, the analyses were performed under three different curing conditions,
I.e., wet curing, controlled environment curing, and external curing. For each condition, 3
mortar samples were stored, remaining until the date of the measurements.

Wet curing was performed in a humidity chamber with a relative humidity of 98% and
a temperature of 35+2°C. For controlled environment curing conditions, the samples
remained in an oven (Quimis Q317M52, Brazil) with a relative humidity of ~55% and
temperature of 35+2°C. Finally, external curing was performed in a room with a relative
humidity of 46% and temperature of 30+2°C. For this condition, the samples were stored
together with the weight loss test samples described in Section 6.2.4.

All samples' dimensional and mass variation measurements were performed at 1, 3, 5,
7, 10, 14, 21, and 28 days. For length variation measurement, an expandability/shrinkage
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comparator with a digital clock (SOLOTEST®, Brazil) with an accuracy of 0.001 mm was
used, and the masses were measured using a semi-analytical balance (Shimadzu BL-3200H).
The drying shrinkage (Dshrinkage — mm/m) was obtained by the ratio between the difference
between the initial measurement and the length measurement at the age i by the effective

length of the samples, according to Equation 6.2.

Dsnrinkage = (Lo — L;)/0.25 Equation 6.2

where Dshrinkage 1S the drying shrinkage (mm/m), Lo (mm) is the measure of the initial sample
length (mm), and Li (mm) is the measure of the sample length at the age i.

The variation in mass was obtained by the difference in initial mass and mass at

reading age by initial mass, according to Equation 6.3.

Mass Variation (%) = [(mg — m;)/mg] * 100 Equation 6.3

where mo (g) is the mass of the initial sample, and mi (g) is the mass of the sample at the age i.
The drying shrinkage and mass variation values at the corresponding ages refer to the
average value calculated by the three samples of each set.

6.2.6 Scanning electron microscopy (SEM) and Energy-Dispersive X-Ray (EDX)
Spectroscopy

The microscopic analysis was conducted using the ACTR, AHNO, AHN10, and
AHN20 mortars at 7 and 28 d age. The samples were a small piece of cementitious mortar
removed from the central region of the mortar samples. They were dried for 48 h in an oven
(40+2°C). After, the surface was coated with a thin gold layer to avoid charging during SEM
imaging. The micrographs of the analyzed samples were obtained using the ZEISS scanning
electron microscope, model EVO/LS15, with an acceleration voltage of 20 kV.

The EDX technique was used to identify the chemical elements present in the mortars
produced without and with nanocomposite hydrogels. For this, an Oxford Instruments X-ray
dispersive energy spectroscope, Inca X-act model with 100 eV resolution, was used, in which
it is coupled to the cited microscope.
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6.2.7 Statistical analysis

The experimental results for each treatment sets were available by analysis of variance
(ANOVA) from the Tukey test, with a 5% significance level, using SISVAR® software.

6.3 RESULTS AND DISCUSSION
6.3.1 Water absorption

The water absorption behavior of the mortars is one aspect to be evaluated in cement
materials because this parameter directly influences their durability [30]. Furthermore, the
water penetration in these matrices is an important physical process [31] because the high
humidity levels can prejudice the building performance [32]. Figure 6.1 illustrates the effect
of hydrogel application prepared from different Cloisite Na* nanoclay in water absorption of

the cementitious mortars.

[ ]JACTR [___]AHNO I AHN10 [=] AHN20

Water Absorption (%)
»
1

7 days 14 days 28 days

Age
Figure 6.1 — Effect of hydrogels with different Cloisite Na* concentrations in water absorption

(%) of cement-mortars over time. *Average with their respective standard deviation values, followed by
equal letters, do not differ statistically from each other following the Tukey test with a 95% confidence level.

At 7 d, AHNO and AHN10 mortars presented average water absorption values of about
8.34% and 8.27%, respectively, while the ACTR and AHN20 mortars demonstrated a smaller
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water absorption of 7.75% and 7.71%, respectively. The same behavior can be observed at 14
d except for AHN20 mortar, whose average value was 7.02+0.01 %, indicating a reduction
concerning other mortars.

The increasing trend in the water absorption of the AHNO and AHN10 is related to the
rehydration of hydrogel particles in the water medium, corroborating with the results shown
by Sarbapalli et al. [19]. It is important to note that this behavior demonstrated that hydrogels
had the same characteristics of swelling degree discussed in Chapter 3, and the increase of
Cloisite Na* concentration in polymer matrix decreases the absorption water by these
hydrogels.

At 28 d, the results pointed that hydrogel with 20% of Cloisite Na" was efficient,
reducing around 4.41% of the water absorption compared to the control sample. These results
corroborate with the results of the volume of permeable pores shown in chapter 5, where the
% of voids in ACTR and AHN20 were lower than AHNO and AHN10 mortars.

The relation between the Cloisite Na+ nanoclay concentration in the hydrogel matrix
and the water absorption index is noteworthy. When the concentration increases, it is possible
to analyze that the water absorption decreases in all ages. AHN20 absorption water is lower in
later ages because the nanoclay acts as a physical crosslinker [49] in matrix polymer,
increasing the crosslinking points, which restricted both the polymer chains and less water
absorption. Thus, the water absorption index is directly interfered with by the swelling degree
of the hydrogel, as reported in previous studies [33,34].

A factor to consider is the possibility that water released from the hydrogels results in
continued hydration [35] of the cement matrix. For hydrogels with high nanoclay
concentration, the continued hydration of the unhydrated cement grains can produce new
calcium silicate hydrates (C-S-H), resulting in the sealing of small cracks [36]. This
phenomenon makes the structure more compact [37], reflecting the mechanical properties
seen previously.

Justs et al. [38] point in their studies that commercial superabsorbent polymers (SAP)
increase the hydration degree at later ages due to the released additional water over time. It
indicates a reduction of small capillary pores and consequently a reduction in water
absorption, corroborating with similar behavior of AHN20 mortar.

Another important aspect of this behavior at later ages is that the hydrogels, when
retaining part of the dosage water reducing the total w/c ratio that directly affects the total

porosity and pore size distribution of hydrated cement paste. Therefore, the water reduction in
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the system represents mixtures less porous and with the minor possibility of interconnection
and, consequently, more difficult water entry [23].

The results confirmed that the nanocomposite hydrogels used to contribute as internal
curing agents, as reported by several studies [12, 39], due to the controlled release preventing
shrinkage and formation of cracks. In addition, considering that the vulnerability of this type
of material depends on contact with water [40], the results obtained were satisfactory when

nanocomposite hydrogels are added.

6.3.2 Capillarity coefficient

Water absorption through capillarity is a prominent transport mechanism [41] applied
to describe cementitious material durability. In addition, the capillarity coefficient can often
be used to understand pores structure formed in cement materials because their sorptivity
allows performance analysis of these materials when exposed to adverse humidity conditions

or aggressive substances transported through water [42].
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Figure 6.2 — Capillarity coefficient (g/dm2*min®®) of mortars at 28 days produced without or

with different nanocomposites hydrogels. *Average with their respective standard deviation values,
followed by equal letters, do not differ statistically from each other following the Tukey test with a 95%
confidence level.
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The results indicated that nanocomposite hydrogels used reduces the mortar capillarity
coefficient extensively. Furthermore, the observed differences were statically significant,
representing reductions of 51%, 61%, and 71% for AHNO, AHN10, and AHN20 mortars,
respectively, compared to ACTR mortar. Notably, the capillary absorption behavior of these
mortars was different from the water absorption results discussed previously at 28 d.

However, the decrease of capillarity is related to absorption water capacity by the
hydrogels, i.e., Cloisite Na* concentration in hydrogel matrix directly influences material
capillarity due to factors because their presence altered the absorption and release kinetics of
the hydrogel. Despite increasing the mechanical strength of the polymer, the nanoclay
increase can make the crosslinking more rigid and their expansion more difficult, which
results in less water absorption [34]. Thus, capillary rise for AHN20 mortars is impaired by
the hydrogel with a lower swelling degree.

These reductions corroborate with the behavior of concretes with commercial SAP
studied by Kong et al. [43]. In addition, the authors verified that enhanced hydration could
leave to a capillary porosity reduction and refinement in the distribution of size pores, mainly
in older ages.

Hydration products obtained through additional cement reactions can be useful to fill
and refine these capillary pores [44]. Thus, the capillary porosity reduction results from better
internal curing proceedings or a result of the decrease in the effective a/c ratio due to the
retention of part of the water by the polymer [43]. Also, the hydrogel particles can provide the
absorbed water during the drier periods to the non-hydrated grains of cement to the formation
of new calcium silicate hydrated and promote the calcium carbonate precipitation [45].

The capillaries volume in cement-material hydrated depends on the water amount
mixed with cement at the start of the hydration and the cement hydration degree [46] because
their microstructure tends to be refined when the absorbent polymer is added. Indeed, the
water distribution in cementitious materials optimizes the hydration process of these materials
[5].

Snoeck et al. [47] also affirm that the mixtures containing SAP had a lower capillary
porosity and more gels cementitious than mortars without SAP. This condition is because the
released water by the polymer stimulates continuous hydration, which decreases the porosity
and densifies the cementitious matrix.

Therefore, the relative humidity increases inside the mortars due to the presence of the

hydrogels resulting in a continuous hydration process, reducing the capillary porosity in older
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ages [48]. As a result, the capillary pores become filled with hydration products until there is
no more space for the precipitation of new products formed [49]. As a result, the pore
structure tends to become thinner, and the connection between the capillary pores is decreased
[37].

Senff et al. [50] presented similar behavior for cementitious mortars with 0.66 of wi/c
ratio produced with 0.3% of commercial SAP based on acrylic acid (Evonik®). However, for
this mortar, there was a reduction of around 29% concerning the control sample. The authors
attribute this behavior to the fact that the SAP particles create a heterogeneous microstructural
arrangement involving larger and discontinuous voids that would limit the values capillarity

of the material.

6.3.3 Weight loss

Weight loss is a complementary property to evaluate the water retention capacity of
cementitious materials produced with hydrogels and their effectiveness as internal curing
agents. In addition, it is used to explain the change in the amount of evaporation which is also
related to the structure of the surface pores [51]. Figure 6.3 illustrates the relation between
relative humidity variation and mass variation over time of mortars produced without or with

nanocomposite hydrogels.
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Figure 6.3 — Relation between relative humidity variation (%) and weight loss (g) of mortars
produced without or with different nanocomposites hydrogels over time.
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In general, all mortars produced with hydrogel had a lower weight loss than ACTR
control mortar. This significant reduction confirms the hydrogel effectiveness as an internal
curing agent that helps to maintain the internal relative humidity of the cementitious matrix
[52].

In addition, the weight loss for all mortars up to 14 d follows a more pronounced
linear behavior, and after this age, the variations become smaller.

Another behavior found was the relation of the weight loss with relative humidity
variation of the environment where the samples were arranged. The relative humidity of the
sample packing places decreases up to 14 d, in agreement with the weight loss in this period.
As the hydrogels have a controlled water release capacity, the variation of local humidity in
this time interval was higher than the control sample. This may be related to more significant
water evaporation from AHNO, AHN10, and AHN20 mortars, because the hydrogels provide
extra curing water to the moisturizing matrix [53], improving the local humidity.

After 14 d, the humidity variations are higher, observing an inflection point at 18 d in
the weight loss. These behaviors are frequently attributed to the increase in external relative
humidity (RH about 66%) presented in Figure 6.3, which allowed an increase in the packed
humidity local and, consequently, a slight increase in the sample masses.

Ma et al. [54] obtained similar results for mortars produced with fly ash and
commercial SAP based on polyacrylamide and poly(acid acrylic) as co-polymer. The authors
verified that for the same wic ratio, the water loss of the reference sample was higher, while
the mortars with SAP were lower. This was attributed to the lower weight loss because the
SAPs reduce the evaporation amount and improve the structure of surface pores.

This reduction in the weight loss observed in the mortars with hydrogels is interesting
because it is evidence that the polymer acts as a hydroretentor agent. Furthermore,
Wyrzykowski et al. [55] verified that the addition of SAP reduces the self-desiccation of
cement materials with a w/c ratio under 0.40, avoiding reducing internal relative humidity and
autogenous shrinkage process. These results are another indicator of the efficiency of the
polymer as an internal curing agent because their presence the maintenance local packed

moisture higher.

6.3.4 Dry shrinkage and mass variation

Cement-material shrinkage combines several types of shrinkage, such as chemical,

autogenous, drying, and carbonatation. In general, the phenomena result from water loss and
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volume reduction of hydrated products compared with the reaction of the compound materials
[56].

Thus, one of the important types of shrinkage to be controlled is the drying shrinkage
which is a volumetric reduction caused by evaporation of the internal humidity [12, 37, 57],
indicating a humidity transport, i.e., water leaving the interior of cement-material for the
environment [58]. The importance of controlling the occurrence of this type of pathological
manifestation is that drying shrinkage can be occasioned to several problems related to
material durability, such as the risk of corrosion, sulfate attack, alkali-aggregate reaction, and
unsatisfactory structural performance [59]. Thus, Figure 6.4 (a, b, and c) showed the drying

shrinkage of the mortars without or with hydrogels in three different curing media.
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Figure 6.4 — Evolution of dry shrinkage (mm/m), over time, of cement mortars without and
with hydrogel nanocomposites in different curing media (a) wet curing (35+2°C and 98%
RHexternal); (b) Controlled curing (35+2°C and 55% RHexternal); (c) External curing
(30+2°C and 46% RHexternal). *Average followed by equal letters does not differ statistically from each
other following the Tukey test with a 95% confidence level.
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In general, all mortars showed shrinkage over time for the three curing conditions
evaluated, as already expected. In contrast, these dimensional changes occurred due to factors
like moisture evaporation from the cementitious material, continuous hydration of the cement
particles non-hydrated that leads to self-dissection, and the surface water evaporation that
causes the appearance of capillary pores, causing shrinkage cracking [60].

Figure 6.4a shows the volumetric variation behavior of mortars over time in a wet
curing medium. The drying shrinkages for all mortars are statically similar; however, it is
possible to verify that mortars with nanocomposite hydrogels have a decreasing trend to this
type of shrinkage due to the controlled internal water release by the polymer. At 28 d, the
drying shrinkage index to reference mortar ACTR was 0.36+0.07 mm/m, while for mortars
AHNO, AHN10, and AHN20, the average values were 0.34+0.11 mm/m, 0.3+0.04 mm/m,
and 0.25+0.07 mm/m, respectively.

One of the causes for the small variation in this curing medium is due to water
diffusion conditions through the material, which directly depends on the prevailing
atmospheric conditions [56] and aspects such as pore structure, size, and sample shape. As the
curing was performed at high relative humidity (98%), the shrinkages become similar to all
mortars, not verifying the influence of hydrogel as an internal curing agent.

Figure 6.4Db illustrates the results for a controlled curing medium in an oven at 35 °C,
and the relative humidity of 50% remained constant throughout the test. Under these
conditions, the mortars with nanocomposites hydrogel showed lower drying shrinkage than
the control sample. At 3 d, drying shrinkage was accentuated and similar for all mortars, and
after 7 days, the effect of the hydrogel is evidenced. At 28 d, the reductions in drying
shrinkage of mortars AHNO, AHN10, and AHN20 were 23%, 27.6%, and 30.5%,
respectively, which indicates the efficiency of hydrogel release in maintaining of internal
moisture of the sample.

These results corroborate those reported by Sun et al. [12], where cementitious
materials containing SAP showed similar behaviors because during the setting time, as the
internal humidity of the material decreases, the osmotic pressure increases. Therefore, the
water in SAP is gradually released. Yang et al. [61] also state that due to water evaporation
and hydration, the internal moisture of cementitious materials can often not be maintained in
an appropriate range, which causes a negative pressure in the capillary pores and provides the

shrinkage. The authors affirm that the SAP application is precisely performed to reduce the
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shrinkage and crack, increasing the relative humidity of the material, compensating for self-
drying.

From Figure 6.4c, it is possible to verify that the hydrogels have an efficient
performance in early ages. At 5 d, the shrinkages were more significant, representing 6.0%,
23.2%, and 33.7% for AHNO, AHN10, and AHN20 mortars, respectively, compared to the
reference. After 14 days, there are no significant variations in the shrinkage of all mortars, and
at 28 d, the average value of drying shrinkage of these same mortars is around 0.94+0.02
mm/m. These results correspond to observations realized by Beushasen et al. [62] where
mortars produced with 0.45 w/c ratio and additions of 0.4% and 0.6% of commercial SAP
(BASF®) had reductions in shrinkage force from 10 days when compared to a reference
sample, indicating an overall positive effect of the SAP addition. Jensen et al. [63], applying
acrylamide and acrylic acid-based SAP to cement-pastes also verified that this polymer could
potentially be used to reduce the drying shrinkage, but the effect may be small.

The analyses performed by Tan et al. [57] showed that there was a reduction in drying
shrinkage of mortars based on cement and sand (1:2 dosage and 0.42 w/c ratio) with
polyacrylamide and poly(sodium acrylic) SAP. This condition was linked to the fact that the
moisture in the mortar pores is maintained due to hydration by the water reserved inside the
polymer filler. This study was performed by using presoak and dry SAP. They observed that
the water stored by the presoak polymer could release water more efficiently and earlier to fill
the pores than dry SAP powder. Therefore, the reduction of shrinkage caused by presoak SAP
was more visible, demonstrating the efficiency of using presoak polymers.

However, Liu et al. [64] showed adverse results where mortars prepared with fume
silica, fly ash, low w/c ratio of 0.18, and the addition of 0.3% and 0.6% of polyacrylamide
and poly(acrylic sodium)-SAP had a drying shrinkage increased, justifying that SAP increases
the surface porosity allowing higher evaporation of capillarity water.

These results also were verified by Liu et al. [10] that mortars with 0.48 wi/c ratio and
produced with the addition of 0.4 wt% dry amphoteric hydrogel prepared from
poly(acrylamide) and 4-(2-((carboxylatomethyl) dimethylammonium)ethoxy)24-oxobut-2-
enoate increased the drying shrinkage the mortars. The authors attributed this behavior to the
fact that the hydrogel density is lower than cement particles or sand. As a result, the polymer
added to the mortars tended to rise and aggregate. This aggregation would cause the water
released from the hydrogel to be poorly distributed in the mortars, which was not beneficial in

reducing drying shrinkage.
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This may indicate that the presoaked hydrogels used in the AHNO, AHN10, and
AHNZ20 mortars of this study are evenly distributed in the mixture, thus avoiding surface
evaporation as verified by both authors reducing shrinkage by drying.

In general, from the results presented, the behavior of mortars with and without
hydrogel can be linked to reducing the w/c ratio total and the nanoclay concentration present
in the nanocomposite matrix. The addition of hydrogel decreases the w/c ratio total of the
mixture because part of the water is inside the polymer, reducing both capillary porosity and
drying shrinkage [65].

On the contrary, the increase of Cloisite Na+ into polymer matrix decreases drying
shrinkage, but more discretely. Furthermore, due to the more controlled release of water over

time, provided by nanoclay, which decreases capillary porosity at later ages due to its

continuous [47], conforming discussed previously.

the mass variation of the samples at different curing media for all mortars (Figure 6.5).

Another important point to be discussed is the relation between drying shrinkage and
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Figure 6.5 — Relation between drying shrinkage (mm/m) and mass variation (%) of the cement
mortars without and with hydrogel nanocomposites in different curing media (a, b) wet curing
(35+2°C and 98% RHexternal); (c, d) Controlled curing (35+2°C and 55% RHexternal); (e, f)

External curing (30+2°C and 46% RHexternal). *Average followed by equal letters does not differ
statistically from each other following the Tukey test with a 95% confidence level.

The results for all curing conditions show that shrinkage varies following the sample
weight loss because the shrinkage modifies the material volume due to the internal moisture
evaporation [20]. In wet curing, Figures 6.5 (a and b), the ACTR, AHNO, and AHN10 mortars
presented similar mass variation among them, without significant statistical differences until
10 days. At 28 d, it was observed that the losses of mass were more significant for the mortars
containing nanocomposite hydrogels. The most considerable mass variation was found for
AHNZ20 mortar due to the nanoclay presence that causes slower release water.

In the controlled curing condition, Figures 6.5 (c and d), the mass loss curves are much
more defined and different among them. For mortars with hydrogels, the losses of mass and
shrinkage are smaller than the control mortar due to the water retention by the polymer,
corroborating the results observed by Yao et al. [66]. It can be observed that as the cloisite-
Na+ concentration increases in the polymer matrix, the loss of mass decreases and the
shrinkage.

In more severe temperature and low relative humidity conditions, the hydrogels action
is satisfactory because the slight variation can be an indicator of better cementitious matrix
hydration since the internal curing limited the shrinkage with the polymer, whose one of the
functions is to avoid self-desiccation [55].

Figures 6.5 (e and f), the environment curing conditions the weight loss was very
similar for all mortars. However, there is a tendency to reduce shrinkage and loss of mass for

mortars with hydrogels due to them acting as internal curing agents.
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In the three curing conditions, it is possible to relate such behaviors to wi/c ratio
reduction caused by nanocomposites hydrogels and the action of the Cloisite Na+ nanoclay in
the water release process cementitious matrix. As part of the water is retained by the
absorbent polymer, the total w/c ratio is reduced in the mortars produced with hydrogels,
which causes a drying shrinkage reduction [67].

In addition, the water released by the polymer may restrict the amount of evaporation
water, promoting greater cement particle hydration, as analyzed by Yao et al. [66], and avoid
self-desiccation [55]. Therefore, the results indicate that the presoaked hydrogels present a
satisfactory behavior for all curing conditions in drying shrinkage due to their release
capacity, showing their efficiency as an internal curing agent.

6.3.5 SEM-EDX analysis

SEM analyses allow for characterization of the morphology of the microstructure of
cementitious materials and thus evaluation of the effects of additions on the matrices of these
materials. Therefore, to evaluate the impact of nanocomposite hydrogels on the
microstructures of the cementitious mortars, SEM images were selected for samples of

mortars with and without hydrogels at 7 and 28 d, as shown in Figure 6.6.

Hm EHT =20.00 kv/ Signal A = WD = 10.5 my Mag = 10.00 KX 2pm EHT =20.00 kv

Void = (d)

Etringite

<m Void

EHT =20.00 kv’ Signal A= S w n Mag = K x 2pm =20.00 kV Signal A= S| WD =10.5mm Mag = 10.00 KX

111



1
Etringite

EHT =20.00 kv

Figure 6.6 — SEM images of the cement mortars (a) ACTR (control) at 7 days, (b) ACTR
(control) at 28 days, (c) AHNO at 7 days, (d) AHNO at 28 days, (¢) AHN10 at 7 days, (f)
AHN10 at 28 days, (g) AHN20 at 7 days and (h) AHN20 at 28 days.

At 7 d, all samples present hydrated products with the extensive presence of needle-
like ettringite crystals with a large crystal of portlandite (C-H). C-S-H can also be observed in
all the samples, and its morphology is similar to a fibrous sponge, in agreement with
Pourjavadi et al. [68].

However, it was not possible to clearly identify the presence of hydrogels in AHNO,
AHN10, and AHNZ20. This is possibly related to a low concentration of 0.5% wt of the
presoaked hydrogel concerning the dry cement mass used in the mortar dosage.

Thus, as Santos et al. [69] described, despite the lack of identification of the organic
phase in the images, the mortars did not present incompatibility or phase separation, which is
satisfactory as it indicates possible homogenization of the polymer in the cement matrix of the
material.

At 28 d, the micrographs in Figures 6.6 (b, d, f, and h) illustrate denser matrices with
smaller ettringite formations. However, the presence of nanocomposite hydrogels provides the
establishment of a densified matrix due to the more efficient hydration of cement particles,

especially for AHN20, as analyzed by Pourjavadi et al. [70]. In contrast, AHNO and AHN10
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showed voids and the appearance of some microfissures that directly contribute to their
mechanical behavior [57].

In general, the formation of ettringite, C-H, and C-S-H occurs in all cementitious
matrices, both the control (without hydrogel) and the ones containing hydrogels, indicating
that the hardening reactions of the cement were effective over time, in agreement with Cilli et
al. [71].

Notably, at 7 d, the mortars with hydrogels present compressive strength lower than
the control (Table 6.1) due to the formation of a more discontinuous matrix and the presence
of voids observed in the micrographs presented in Figures 6.6 (c, e, and g). These
characteristics may be related to the lower availability of free water at an early age, as part of

the kneading water is reserved inside the polymer.

Table 6.1 - Average value and standard deviation to mechanical properties in the hardened

state to different mortars. *Average followed by equal letters does not differ statistically from each other
following the Tukey test with a 95% confidence level.

Mortar ConSiS(ts]nnCSl index Compressive Strength (MPa) Density '(ng}?;gard state
7d 28d 7d 28d
ACTR 282.20+0.75% 2485+0942 |30.79+0.60% |[2.19+0.022 2.18+0.02°?
AHNO 279.02 + 1.52° 22.27+0.64° |26.36+0.70¢ |2.17+0.022 2.18+0.032
AHN10 279.67 +1.36" 21.94+0.85" [28.03+0.73"> |2.19+0.032 2.19+0.01°
AHN20 268.50 +0.45°¢ 21.20+0.61° |30.11+0.77% |2.18+0.01? 2.17+0.01°

At 28 d, the cement matrix of mortar AHN20 (Figure 6.6 h) was more densified and
similar to ACTR (Figure 6.6b), which is also seen in their similar mechanical behavior,
according to Table 6.1, indicating the efficiency of the hydrogels in the internal hydration
process. The denser microstructures with few pores result from hydration and consequently
the formation of more effective hydrated products [72]. Figures 6.6 (d and f) also indicate that
AHNO and AHN10, at 28 d, presented microstructures with voids and some microcracking,
which reduced their compressive strength.

Table 6.2 presents the results obtained by the application of the EDX technique, but it
did not show significant changes for all the mortars studied. This technique was used to
identify the presence of hydrogels in the cement matrix; however, the minimal or zero
variation can be related to the low concentration of hydrogels used in the production of the
mortars. At 28 d, it was possible to verify that AHNO, AHN10, and AHN20 presented a small

increase in the carbon element concerning the ACTR mortar; however, this variation was
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discrete, which does not allow us to conclude whether it is related to the presence of

hydrogels or the occurrence of the carbonation process, as also observed by Santos et al. [69].

Table 6.2 - EDX analysis for mortars produced with and without nanocomposite hydrogel.

Chemical ACTR (% wt) AHNO (Yowt) AHN10 (Yowt) AHN20 (Yowt)

Element 7d 28d 7d 28d 7d 28d 7 days 28d

C 4.26 3.41 3.51 417 4.10 4.43 4.32 3.98

o) 53.30 5484 | 5492 5530 5893  49.97 | 53.60 50.36
Na 0.23 * 0.31 * 0.31 * 0.35 *

Mg 1.68 1.85 2.44 1.82 1.84 1.36 2.12 1.54

Al 1.88 1.77 2.41 2.54 2.50 0.77 2.04 1.75

Si 7.19 8.99 6.59 7.76 7.89 37.04 7.81 8.07

S 0.96 0.86 1.09 0.86 1.14 0.43 1.03 0.86

K 0.51 0.58 0.94 1.07 0.60 0.55 0.86 0.89

Ca 28.84 26.44 | 26.39 25.22 21.54 14.63 | 26.46 31.17

Fe 1.16 1.28 1.39 1.26 1.15 0.45 1.40 1.39

*Undetected element

Thus, the presence of the other elements comes from the composition of cement and

the result of the formation of the hydration products, indicating that such reactions were

effective over time.

6.4 CONCLUSIONS

The application of nanocomposite hydrogels in cement materials is a promisor

technology to improve their physical and mechanical performance due to their capacity to

retain and release water over time into these matrices, acting as an internal curing agent. Thus,

based on the presented analyses, the following conclusions can be formulated:
- At 28 d, the results pointed that hydrogel with 20% of Cloisite Na* was efficient, and

it reduced around 4.41% of the water absorption compared to the control sample. This

behavior corroborates with mechanical properties discussed previously.

- The capillarity coefficient reduces extensively using nanocomposite hydrogels, and

results corroborate with the water absorption index. The reductions were 51%, 61%,
and 71% for AHNO, AHN10, and AHN20 mortars, respectively, compared with the
ACTR mortar because the presoaked hydrogel applied removes part of the dosage

water and consequently reduces the free water quantity and material capillarity.

- In general, all mortars produced with hydrogel had a lower weight loss if compared to

the control.
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For the three curing conditions evaluated, all mortars showed a shrinkage over time,
which was already expected. However, the controlled curing demonstrated that
hydrogels cause a drying shrinkage in the mortars. Furthermore, the addition of
hydrogel decreases the w/c ratio total of the mixture because part of the water is inside
the polymer, which reduces the capillary porosity and causes the reduction of drying
shrinkage. Therefore, the results indicate that the presoaked hydrogels present a
satisfactory behavior for all curing conditions in drying shrinkage due to their release
capacity, showing their efficiency as an internal curing agent.

The SEM images of all mortars present hydrated products with the extensive presence
of needle-like crystals of ettringite together with a large crystal of portlandite. Calcium
silicate hydrate can also be observed in all samples, whose morphology is similar to a
fibrous sponge. At 28 d, the micrographs represented denser matrices with smaller
ettringite formations. However, the presence of nanocomposite hydrogel provides the
establishment of a densified matrix due to more efficient hydration of cement
particles, especially for AHNZ20.

EDX did not show significant changes for all the mortars studied. However, minimal
or zero variation can be related to the low concentration of hydrogel used to produce
the mortars. At 28 d, it was possible to verify that AHNO, AHN10, and AHN20
presented a small increase in the carbon element concerning ACTR mortar; however,
this variation was discrete, which does not allow us to conclude if it is related to the
presence of hydrogel or the occurrence of the carbonation process.

Nanocomposites hydrogels may prove efficient as an internal agent despite the

complexity of interactions between inorganic and organic matrices. Thus, this hybrid additive
can be an innovative material for improvements in water control studies in cementitious

materials construction technologies.
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CHAPTER 7

FINAL CONSIDERATIONS

“Final considerations, future perspectives,
impacts and economic, social relevance”
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7.1 FINAL CONSIDERATIONS

Hybrid hydrogel nanocomposites based on polyacrylamide, carboxymethylcellulose,
and different Cloisite Na* concentrations (0%, 10%, and 20% wt/ wt of acrylamide+CMC)
were successfully reproduced in their synthesis.

From FTIR and SEM techniques, it was possible to observe that the nanoclay was
incorporated into the polymeric matrix and to verify some modifications in the hydrogel
microstructure when swollen solution from the filtrate of the water+cement mixture. Some
hydration products resulting from cement hydration were found impregnated on the hydrogel
surfaces. The presence of groups of CO3% confirmed them and SO4? related to carbonatation
and ettringite formation. XRD patterns also indicated the presence of these products in
hydrogels swollen in solution from the filtrate of the water+cement mixture

Notably, XRD patterns indicated that the amorphous character of the hydrogel in the
nanocomposites was discrete. In addition, the basal spacing of the nanoclay peak in the
polymeric matrices was not observed, indicating that its platelets are probably exfoliated in
the hydrogel chains when these hydrogels are swelled in a filtrated solution of water+Portland
mixture. That confirms a satisfactory interaction between organic and inorganic compounds
during the synthesis process.

The results also showed that the presence of Cloisite Na* interferes directly with the
absorption mechanism in both swelling media. Thus, comparing the hydrogels swollen in
distilled water, the nanocomposites, when placed in water and cement solution, presented an
increase of 22.02, 10.03, and 20.46% in the degree of swelling of the hydrogel with 0, 10, and
20% Cloisite Na* concentrations respectively. This improvement can be related to the
solvation process where some cement solution ions can associate with water molecules
provoking an expansion of the hydrogels chain.

The physicochemical characterization of the hydrogels contributed to the development
of the dosages used in this study. From the understanding of the swelling degree, it was
possible to optimize the amount of water to maintain the wi/c ratio constant. Moreover, the
release kinetics also contributed to understanding their effect on the physical and mechanical
properties of the mortars studied. For instance, the increase in the concentration of nanoclay
into hydrogel caused greater water retention by the polymer, reflecting significant reductions
in exudation and slump flow, corroborating the results of increased water retention of mortars

in the fresh state.
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Although these changes directly affect the workability of mortars, which could be
solved with plasticizer admixtures, the water retention and release of water somewhat
controlled by the polymer is satisfactory for maintaining the internal humidity of the cement
matrix. This is very interesting for plastic shrinkage reduction, reduction of voids, and
improvements in mechanical properties at later ages. In this sense, it was observed that the
mortar produced with the highest nanoclay content (AHN20) was the one that presented the
best performance concerning the others tested. These same mortars also showed mechanical
strengths statistically similar to the control (ACTR), even under wet curing conditions that
possibly kept the hydrogels swollen until the test was performed. This is a positive indication
that the concentration of nanoclay in the polymeric matrix acts as a reinforcing agent,
minimizing the effects of strength loss since presoaked hydrogels are low-strength inclusions
in the mortar mixture.

The amount and percentage of voids in the AHN20 mortar were also statistically
similar to the control, reflecting improved or similar mechanical properties to the reference. It
can also verify similar behavior in the mass loss and plastic shrinkage properties. The greater
water retention by the hydrogel represents a lower shrinkage by the mortar, corroborating
with water retention and exudation results. This is a good indication that the nanoclay
concentration indeed contributes to a more controlled release of water by the hydrogel.

In summary, from the results, it was possible to conclude that hybrid nanocomposite
hydrogels have great applicability in the civil industry, especially as internal curing agents.
This may bring benefits related to more effective curing procedures, improvements in cement
hydration processes, and consequently increasing the performance and durability of these

materials.

7.2 FUTURE PERSPECTIVES

To further contribute to the understanding of the study, the following future perspectives
are presented:
v" To synthesize, characterization, and application of hybrid nanocomposite hydrogels
with natural clays. In addition, to use other reinforcement elements (ashes, fibers) to
synthesize hydrogels and evaluate their effects on their hydrophilic properties.
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v To evaluate the absorption and release kinetics of the hydrogels when applied in dry
and swollen states into cementitious materials. In addition to understanding the
internal hydration mechanisms carried out.

v To analyze the microstructure of cementitious materials using other techniques such as
microtomography, permeability, porosity, among others.

v' To evaluate the contribution of these hydrogels in the freeze-thaw properties

v" To verify aspects of degradation and cycles of absorption and release over time within

cementitious matrices.

7.3 IMPACTS AND ECONOMIC, SOCIAL RELEVANCE

This study showed that the hybrid nanocomposite hydrogel in construction could
contribute considerably to the economic aspects. This type-material can reduce water
consumption during cementitious matrices because the traditional curing process requires a
large amount of water during the hardening stage. Another factor is the characteristics of the
materials produced with these nanocomposites. The constructions can have improved
durability and performance, extending their useful life since pathologies related to shrinkage
can be minimized with their application.

The environmental relevance is based on the use of more biodegradable raw materials
in the production of hydrogels, such as polysaccharides in their matrix. In this sense, we also
highlight reducing water waste during the curing process since a small amount of polymer
applied can ensure the necessary moisture to cure the cementitious material internally.
Another aspect is the durability that also reflects on the environmental aspect in better
performance of buildings because by extending its life, there is a lower generation of
construction waste.

The social relevance is in disseminating and popularizing scientific studies since the
application of new materials such as hydrogels in the construction industry. Additionally,
improving traditional procedures by facilitating their execution can lead to the dissemination
of new concepts to society, highlighting the importance of research and science to improve
existing procedures. Therefore, the material developed and applied in this work has notable

environmental, social, and economic relevance as a consequence.
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