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ABSTRACT

ANDRADE NETO, J. S. Hydration and interactions between CsS and CsA polymorphs in
the presence of different calcium sulfates. 2021. Dissertation (Master of Science in Civil
Engineering) - Postgraduate Program in Civil Engineering: Construction and Infrastructure,
Engineering School, Federal University of Rio Grande do Sul, Porto Alegre, 2021.

Calcium sulfate is an important constituent in Portland cement nowadays. It is used to control
the setting time of Portland cement. However, many questions about the role of calcium sulfate
on the cement phases (C3A and C3S) hydration and its mechanisms persist. A critical overview
of the effect of sulfates on Portland cement hydration and properties is presented here in a
review manuscript form. In this sense, several knowledge gaps, such as the influence of C3S
and CzA polymorphs and the calcium sulfate composition on the sulfate balance in Portland
cement, were identified. To address some of the questions identified in the review three
different experimental studies were executed. The first one was focused to understand how
gypsum accelerates the CsS hydration and whether aluminum incorporated in its structure plays
an essential role or not. The effects of gypsum on the hydration of C3S and aluminum-doped
C3S (AI-C3S) hydration were assessed. Calorimetry, XRD, TGA, and 2’Al and 2°Si MAS-NMR
were performed to analyze gypsum’s influence on the hydration of C3S and Al-CsS. The results
showed that the inclusion of gypsum retarded the initial hydration (first 3 h) for both C3S and
Al-C3S, due to the interaction between the sulfate ions and CsS. In contrast, gypsum enhanced
the hydration of both CsS and Al-CsS afterward. This acceleration effect occurred earlier for
the AI-C3S due to the removal of aluminum from the solution. However, this is not the main
mechanism behind the acceleration of C3S by gypsum, which mainly results from changes in
C-S-H morphology and increases in the ionic strength. Secondly, the mechanism responsible
for the higher reactivity of orthorhombic CsA (ort-C3A) in sulfate-containing solutions,
compared with cubic C3A (cb-C3A), which was previously related to either the difference in
crystal structure or the sodium in ort-C3A pore solution were investigated. The hydration of cb-
Cs3A (in water and NaOH solution) and Na-doped ort-C3A in the presence of gypsum and
hemihydrate were analyzed using isothermal calorimetry, in-situ XRD, TGA, SEM, and
rheological tests. The results showed that NaOH accelerated the hydration of cb-C3zA, but ort-
CsA still presented a higher hydration rate. Ort-CsA pastes revealed more and larger ettringite
crystals at 30-120 minutes, resulting in higher viscosities and yield stresses than ch-C3zA pastes.
The replacement of gypsum with hemihydrate accelerated ort-CsA hydration but retarded cb-
CsA hydration. Overall, the higher reactivity of ort-CzA is related to differences in crystal
structure rather than the sodium in pore solution. Finally, the hydration of three-phase systems
(C3S-CsA-calcium sulfate) was analyzed. Two C3S (T1 pure C3S and M1 aluminum-doped
CsS), two C3A polymorphs (cubic and orthorhombic), and two calcium sulfates (gypsum and
hemihydrate) were evaluated. For each system, the hydration of four different SO3 contents was
evaluated by calorimetry. From the calorimetry results, a 1.5 wt.% SOz content was fixed, and
the mixtures were evaluated by in-situ XRD and TGA. The CsS type was the factor that most
affected the sulfate balance of the systems. The mixes with Al-CsS presented higher ettringite
formation in the first hours, resulting in much earlier sulfate depletions when compared to the
mixes with C3S. The mixes with ort-C3A also presented faster sulfate depletions, due to its
higher reactivity compared with cb-CsA. Finally, the replacement of gypsum by hemihydrate,
also resulted in faster sulfate depletions, which is the consequence of the higher solubility of
hemihydrate.

Keywords: Portland cement;CsA; C3S; Calcium sulfate; Hydration.
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1 INTRODUCTION

This chapter presents the context and justification of the proposed theme, research

objectives, limitations, and delimitations.

1.1 CONTEXT AND JUSTIFICATION

Portland cement (PC) is the most consumed building material worldwide, having been
used for almost 200 years and the use of calcium sulfate (gypsum, hemihydrate, and/or
anhydrite) to regulate the setting of the cement began at the end of the 19" [1,2]. It is
known that the calcium sulfate delays the tricalcium aluminate (C3A) hydration, retarding
the setting of the cement paste, providing a period in which the mixtures have fluidity and
workability to be used.

The mechanism by which the calcium sulfate retards the C3A hydration is still not fully
understood. The early theories had related this delay with a barrier of ettringite [3,4] or a
“gel-like” layer [5]. However, recent experimental evidence supports the theory that the
retard is due to the adsorption of S ions and/or Ca-S ion pairs on the C3A surface [6-10].

Depending on the alkali content incorporated in the CsA crystalline structure during
clinker production, two different polymorphs can be present: cubic or orthorhombic [11].
In studies conducted with pure clinker phases produced in laboratories, the calcium
sulfate retards the hydration of cubic CsA but is ineffective to retard the orthorhombic
CsA hydration [12,13]. The reason for this is not yet clear, but it is possibly associated
with the greater solubility of the alumina rings in the orthorhombic C3A structure [9,14]
or with the presence of sodium ions in the solution, released in the dissolution of
orthorhombic C3A [15].

In addition, some industrial clinkers have more orthorhombic CzA than cubic CzA.
However, usually they do not present problems of workability and reactivity, which
would be expected due to the almost instantaneous reaction of the orthorhombic CzA
synthesized in the laboratory. The explanation for this may be associated with the
presence of alkaline sulfates or the presence of alite, which will alter the composition of

the aqueous solution, which seems to impact the reactivity of orthorhombic C3A [9].



Calcium sulfate enhances the tricalcium silicate (CsS) hydration and modifies the phase
assemblage, influencing in the shrinkage and strength [16-19]. However, this is usually
neglected, and few studies focus on that. The reason for this enhancement is poorly
understood. Some theories related this with the formation of ettringite [18,20], from the
reactions between the sulfate ions and the alumina which may be incorporated in the C3S
structure. Withal the calcium sulfate also enhances pure CsS [19,21-24], where the
formation of ettringite does not occur. Therefore, the enhancement of C3S hydration by
gypsum is probably a result of the interaction between this phase and C3S and/or C-S-H,

rather than interactions that involve the aluminates [19].

The amount of calcium sulfate is extremely important and influences the properties of
cement. If the amount of calcium sulfate is too low, a hydroxy-AFm-type meta-stable
product (CsAH13 and C,AHs) is formed, which is subsequently converted to katoite
(Ca2Al2(OH)12 or C3AHs) [12,25,26]. The formation of these products leads to “Flash-
set”, i.e., stiffening and loss of workability in few minutes, making most practical
applications of Portland cement unfeasible [27]. Besides that, if the amount of sulfate is
not enough to delay the C3A hydration until after the main CsS hydration peak, the CsS

hydration is inherited, lowering the mechanical performance at the early ages [19,20,28].

On the other hand, the excess of calcium sulfate can impair the workability due to the
high amount of ettringite formed, besides lowering the mechanical strength [19,20]. In
mortars and/or concretes submitted to high-temperature curing (above 70°C), the excess
of calcium sulfate can also lead to the delayed ettringite formation (DEF), which is

deleterious to the durability of the material [29,30].

There is an optimum calcium sulfate content for each clinker, which will result in the
lowest shrinkage and porosity, and the highest mechanical performance, in addition to
good workability and proper setting times. Thus, for a worthy performance of the cement,

the optimum sulfate content must be known.

Many factors as clinker and the sulfate source characteristics, the presence of
supplementary cementitious materials (SCMs) and admixture, the water/cement ratio, and
temperature may influence the sulfate demand. Despite the great importance of this
theme, as it has a considerable influence on cement properties, many open questions

regarding the influence of some parameters on the optimum sulfate content still exist.
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Among these factors, the CsA and CsS polymorphism/ions doping, which greatly
influence on their hydration and in the hydration products formation rate, and the calcium
sulfate type, which has different solubilities and will impact the supply rate of sulfate ions
into the pore solution, need more explanation. Therefore, these factors probably will

influence the sulfate balance of the system.

1.2 JUSTIFICATION

Inherent in Portland concrete and cement research, studies on Portland clinker are the
basis for understanding and developing material properties through investigations, often
of its structural elements and defects that influence its mechanical behavior and durability

properties in the nano or micrometric scale.

During the clinker manufacturing process, depending on the composition of the raw
material and the fuel, some ions can be incorporated into the crystalline structure of the
clinker phases. In this sense, sodium (and potassium) is usually incorporated into the
structure of C3A and aluminum in the structure of CsS, which alters the reactivity of these
phases and, consequently, the hydration of Portland cement. However, it is not yet
understood the mechanism of the change in the reactivity of these phases due to the
incorporation of these ions. In addition, it is not known the impact of these changes in the
sulfate demand of PC. Furthermore, during cement milling, gypsum (CaSQOa-2H>0) may
dehydrate into hemihydrate (CaSO4-1/2H20) and/or soluble anhydrite (CaSOa), which
are much more soluble than gypsum or natural anhydrite. This changes the rate of sulfates
supply into the solution, accelerating the ettringite formation. However, there is a lack of
studies regarding the impact of different calcium sulfate types on the hydration of CzA

and CsS polymorphs and its impact on the sulfate demand of PC.

The correct understanding of these ions influence on the optimization of sulfates is
essential to ensure that the cements meet the performance requirements. In this sense, the
proposed research aims to determine the influence of the incorporation of aluminum in
CsS and sodium in C3A in their hydration in the presence of calcium sulfate. In addition,
it will be analyzed how the incorporation of these ions influences the sulfate balance,
from the analysis of C3S-CsA mixtures (92% C3S and 8% C3zA) hydration with different

amounts of gypsum/hemihydrate. This understanding will assist in determining the



optimum sulfate content, avoiding cements with inadequate quantities that can cause

problems of setting and workability, low mechanical resistance, and DEF.

1.3 RESEARCH OBJECTIVES
The general objective of the research is to evaluate the hydration and interactions between

CsS and CsA polymorphs in the presence of different calcium sulfates.
The secondary research objectives are:
a) To present a review of the state-of-the-art of sulfate optimization.
b) To evaluate the effect of gypsum on the CsS and Al-doped CsS hydration.

c) To analyze the impact of NaOH on CzA-gypsum hydration and compare it to the
Na-doped C3A-gypsum hydration.

d) To analyze the influence of calcium sulfate type (gypsum/hemihydrate) on the
hydration of C3zA and Na-doped C3A.

e) To investigate the interactions between the different CsS and CzA polymorphs.

f) Toanalyze the effect of the C3S and C3A polymorphism and calcium sulfate type

on the sulfate balance of a three-phase systems (C3S-CsA-calcium sulfate).

1.4 DELIMITATIONS AND LIMITATIONS
Within the current proposal, the infrastructure, time, and materials available, some

delimitations were established, and some limitations were identified.
As for delimitations:

a) only pure phases, synthesized in the laboratory, were evaluated, which inherently
differ from the phases found in Portland clinker.

b) the C3S and C3A were synthesized separately and then mixed, a different situation
from Portland clinker in which C3A is the interstitial phase of the clinker, which

impacts on availability during hydration and, therefore, on the hydration rate.
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c) the other clinker phases (C.S, CsAF) were not evaluated, which, although less
reactive, may impact the hydration of C3S and C3A and the optimum sulfate

content.

As for limitations, there are:

a) in the analysis of C3A, only one sulfate content was used due to limitation of the

available materials.

b) in the three-phase systems only a C3S/CsA ratio (92%/8%) was used due to the

limitation of materials.

1.5 RESEARCH STRUCTURE

The present work is organized into chapters. In this chapter (chapter 1) a brief
contextualization of the optimization of sulfates and its importance was presented, as well
as the justification, objectives, delimitations, and limitations, and the structure of the
present study. In the next chapter (chapter 2) the structure of which chapter is presented,

in order to facilitate the compression of research development.

Chapters 3, 4, 5, and 6 are composed of articles published/submitted/to be submitted for
publication in international journals. Chapter 3 is a review of the state of the art of sulfate
optimization, presenting the theory, the factors that interfere and the methods used to
determine the optimal sulfate content. Finally, knowledge gaps about this topic are
identified, which served as a basis for the development of subsequent chapters.

The need for investigations regarding the role of doping ions in the hydration of C3S and
C3A, specifically aluminum (Al) for C3S and sodium (Na) for C3A, in the presence of
calcium sulfate and their interactions and impact on the sulfate demand of cement was
identified in chapter 3. Therefore, chapter 4 presents the study of the effects of gypsum
on CsS and AI-CsS hydration. In chapter 5, the investigation about how the sodium
(present in CsA crystalline structure or in solution) and the sulfate type (gypsum and
hemihydrate) affects the CsA hydration is presented. Finally, chapter 6 presents the study
of the hydration of three-phase systems (C3S-CzA-calcium sulfate).
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2 DISSERTATION STRUCTURE

This chapter presents the dissertation structure in order to facilitate the compression of
the research development. Each following chapter is composed of an article published,
submitted, or to be submitted for publication in international journals. The research
schedule and the state of experimental development of each of the subsequent chapters

are also presented.

Figure 2.1 shows a schematic structure of the research, where the title of each

article/chapter is presented, and further explanation can be seen in the following items.

Figure 2.1 — Organizational structure of the research.

Chapter 3: Effects of sulfates on the hydration of Portland cement — A review

| !

Chapter 5: The role of sodium and sulfate

Chapter 4: Hydration of C;S and Al-doped _
sources on the rheology and hydration of C;A
C;S in the presence of gypsum
polymorphs

4

Chapter 6: Hydration and interactions between C;S and C;A polymorphs in the presence of

different calcium sulfates




2.1 CHAPTER 3: EFFECTS OF SULFATES ON THE HYDRATION
OF PORTLAND CEMENT - A REVIEW

Chapter 3 presents an extensive review regarding the effect of sulfates — especially
calcium sulfates - on the hydration of Portland cement. The impact of calcium sulfate on
CsA and CsS hydration are discussed, as well as its impact on cement hydration. The
effects of sulfate on the cement properties are present and the optimum sulfate content is
defined. Then, the main factors (clinker and sulfate source characteristics, supplementary
cementitious materials, admixtures, among others) which influence the sulfate demand
and the methods used to determine the optimum sulfate content are presented. Finally,

the knowledge gaps and the perspectives for future research are discussed.

In this chapter, it was noted that the calcium sulfate enhances the C3S hydration, but the
mechanism it is not clear yet. The two main theories relate this enhance to the formation
of ettringite, from the reaction between the aluminum present in alite and the calcium
sulfate. However, this enhance was also observed in pure CsS, without alumina and
therefore without ettringite formation. Thus, further investigations on how calcium sulfate
influences C3S hydration are needed, which motivated the study presented in chapter 4.

From this review, it was also observed that although the calcium sulfate delays the pure
cubic CsA hydration, it is ineffective to retard the Na-doped CsA (orthorhombic)
hydration. However, the reason for this behavior is not clear yet and may be related to the
difference in crystalline structure or to the presence of sodium in solution. Furthermore,
the impact of calcium sulfate type on C3A hydration is not well known — especially for
ort-CsA. Thus, the study presented in chapter 5 deals with the understanding of the role
of sodium and sulfate sources (gypsum and hemihydrate) on the rheology and hydration

of C3A polymorphs.

Finally, it was concluded that further investigations regarding the impact of CsS and C3A
polymorphism and calcium sulfate type on the sulfate balance of the systems are needed.

Therefore, the study presented in chapter 6 was performed to enlighten these questions.
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2.2 CHAPTER 4: HYDRATION OF C3S AND AI-DOPED CsS IN
THE PRESENCE OF GYPSUM

In chapter 4, the hydration of C3S (Triclinic 1) and aluminum-doped CsS (Monoclinic 1)
in the absence and in the presence of gypsum was analyzed. Pastes with 0.0%, 2.5% and
5.0% of gypsum (in relation to CsS wt.%) were evaluated by isothermal calorimetry (I1C).
In addition, the hydration of the pastes with 0.0% and with 2.5% of gypsum was stopped
at 10 h, 1, 3, and 7 d and thermogravimetric analysis (TGA/DTG), X-ray diffractometry
(XRD), and 2’ Al nuclear magnetic resonance (NMR) were performed. Figure 2.2 presents

a summary of the analyzes carried out in chapter 4.

Figure 2.2 — Organization chart of the formulations and analyzes performed in chapter 4.

Chapter 4
Hydration of C;S and Al-doped C;S in the presence of
gypsum
C,S type: Sulfate type: SO; (Wt%):
Gypsum
CsS P 0.0%
Al-CSS “"’2‘ 1.1%
0.2 2.2% (just IC)
Isothermal XRD 27Al MAS-NMR

Calorimetry (IC)  TGA/DTG  2°Si MAS-NMR




2.3 CHAPTER 5: THE ROLE OF SODIUM AND SULFATE
SOURCES ON THE RHEOLOGY AND HYDRATION OF Cz:A

POLYMORPHS

In chapter 5, the rheology and hydration of cb-C3A, cb-C3A + NaOH, and ort-C3A (Na-

doped) with gypsum or hemihydrate, are analyzed. The method used in this study is

presented in Figure 2.3. Mixtures of cubic and orthorhombic (Na-doped) C3A with

gypsum or hemihydrate were compared to mixtures with cubic C3A plus NaOH solution.

The concentration of the NaOH solution (0.99 M) was chosen to result in the same amount
of Na* ions liberated with the orthorhombic C3A dissolution, as determined by ICP-OES

analysis. IC, in-situ XRD, TGA/DTG, SEM, and rheological analyses were done.

Figure 2.3 — Organization chart of the formulations and analyzes performed in chapter 5.

Chapter 5
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24 CHAPTER 6: HYDRATION AND INTERACTIONS BETWEEN
CsS AND CsA POLYMORPHS IN THE PRESENCE OF
DIFFERENT CALCIUM SULFATES

Finally, chapter 6 details the study of the mixtures of the different CsS (C3sS and Al-CsS)
and C3A (cubic and orthorhombic) with different amounts of gypsum or hemihydrate.
First, the hydration of both C3S without and with gypsum and hemihydrate (wt% SO3 of
1.5) was analyzed by isothermal calorimetry. Then, the hydration of cb- and ort-C3A
without and with gypsum and hemihydrate (wt% SOs of 0%, 2.72%, 5.36%, and 9.84% -
SO3/C3A wt% equals 0, 0.03, 0.06, and 0.13) were also analyzed by isothermal
calorimetry. Finally, the hydration of three-phase systems (C3S-CzA-calcium sulfate) was
analyzed. Two CsS (T1 pure CsS and M1 aluminum-doped C3S), two C3A polymorphs
(cubic and orthorhombic), and two calcium sulfates (gypsum and hemihydrate) were
evaluated. For each system, the hydration of four different SOz contents was evaluated
by calorimetry. From the calorimetry results, a 1.5 wt.% SOs3 content was fixed, and the
mixtures were evaluated by in-situ XRD, TGA, and SEM. Figure 2.4 presents the method
of the study presented in chapter 6. Table 2.1 summarizes all the mixtures analyzed in

chapters 4, 5, and 6 and the respective tests that were done.



Figure 2.4 — Organization chart of the formulations and analyzes performed in chapter 6.

Chapter 6

Hydration and interactions between C,S and C;A polymorphs in the presence of
different calcium sulfates
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Table 2.1 — Mixtures analyzed, and tests performed in each study.

{0)
Chapter  Mixture Sulfate (SOVZ/tC/: : ?Vi% ) Solution wic Tests
[/ 04 0
CsS Gypsum 0%; 1.1%; 2.2% Distilled water 0.5 IC
Q)
4
0%; 1.1% L. XRD, TGA, #Si
CsS Gypsum O Distilled water ~ 0.5 NMR. ZAI NMR
5 CA Gypsum / 17.92% Distilled water/ 10 IC&.E‘:“QEXNITD’
s Hemihydrate (0.29) 0.99 M NaOH ' ’ :
Rheometry
Gypsum / 1.5% -
CsS Hemihydrate ) Distilled water 0.5 IC
0%, 2.72%, 5.36%,
0,
CiA HS%?E;LT ; N 9.84% Distilled water 1.0 Ic
(0, 0.03, 0.06, 0.13)
6
0.25%, 0.50%,
0, 0, 0,
CsS/CaA - Gypsum / HO LS 20 Distilled water 0.5 IC
(92/8 wt%) Hemihydrate '
(0.03,0.06, 0.13,
0.19, 0.26)
CsS/ICsA Gypsum / 1.5% - In-situ XRD,
(92/8 Wi%) Hemihydrate (0.19) Distilled water 0.5 751 gpp




Chapter 3

Effects of sulfates on the hydration of Portland cement —

A review

Chapter 3 is based on the article:
José S. Andrade Neto, Angeles G. de la Torre, Ana Paula Kirchheim.

Effects of sulfates on the hydration of Portland cement — A review.
Construction and Building Materials, v. 279, paper 122428, 2021.
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3 EFFECTS OF SULFATES ON THE HYDRATION OF
PORTLAND CEMENT - A REVIEW

ABSTRACT

Presented within is a critical overview of the effect of sulfates on cement hydration,
properties, and optimum sulfate content in Portland cement. Calcium sulfate is used in
Portland cement to control the C3A reaction to induce the optimum hydration of CsS to
occur. The amount of calcium sulfate in the Portland cement influences the hydration,
rheology, setting, phase assemblage, porosity distribution, and strength in cementitious
materials. If added in excess, it can also lead to durability problems, thus a better
understanding is needed about the mechanisms of sulfate on C3A and CsS hydration. The
optimum sulfate content is well known as a key pathway to produce workable, good
strength and durable concretes. Despite many years of research, questions regarding
sulfate optimization remain. Further investigation on the influence of clinker and calcium
sulfate characteristics, the use of different supplementary cementitious materials and
chemical admixtures, and the curing conditions on the sulfate demand of Portland cement
are needed. The main methods used to determine the optimum SO3z content are reported,
and the advantages and disadvantages are examined. Finally, recommendation for future

research is also discussed.

Keywords: Optimum sulfate content; Sulfate balance; Cement; Hydration;

Supplementary Cementitious Materials

DOI: https://doi.org/10.1016/j.conbuildmat.2021.122428



3.1 INTRODUCTION

Portland cement is the most consumed building material worldwide; it has been in use for
almost 200 years. The use of calcium sulfate to control the duration of the setting of
cement began at the end of the 19" century and universally adopted by cement producers
around 1930 [1,2]. Nowadays, the inclusion of calcium sulfate is an integral ingredient in
Portland cement. Despite thousands of studies over several decades, many questions
about the role of calcium sulfate on the cement phases (CsA and CsS) hydration, its

mechanisms, and the so-called “optimum sulfate content” persists.

Gypsum (CaS04.2H20) and/or natural anhydrite (CaSQOa4) are usually added to clinker in
the grinding stage. Depending on the temperature reached on the mill, the gypsum may
dehydrate in hemihydrate (CaS0O4.1/2H>0) and/or soluble anhydrite (CaSQO4), which are
more soluble and, therefore, will influence the cement hydration [3]. In this paper, the
term “calcium sulfate” is used regardless of its composition; otherwise, the specific

composition is mentioned.

Calcium sulfate is added to control the hydration of C3A to avoid flash setting and
extending the period in which the mixtures have fluidity and workability [1,4,5]. When
all the sulfate from the solution is consumed-this moment is known as sulfate depletion—
the renewed hydration of C3A begins [6-9]. The amount of calcium sulfate to be added
will determine when the renewed hydration of CzA will occur. The amount required must
be sufficient enough to delay the C3A hydration until after the main CsS hydration peak.
Otherwise, the CsS hydration is hindered, reducing the mechanical performance at early
ages [10-13]. On the other hand, if too much calcium sulfate is added, the mechanical
performance suffers [14-16]. Furthermore, increasing the sulfate content may lead to
durability problems due to delayed ettringite formation (DEF), especially in cements
submitted to high curing temperatures [14-16].

Although not as heavily investigated as CsA-calcium sulfate systems, calcium sulfate also
changes the C3S hydration, the morphology of its hydration products, and its mechanical
strength [6,8,11,17-19]. The effect of calcium sulfate on CsS hydration needs to be
properly understood as it can influence the sulfate optimization in Portland cements and,

therefore, can influence cement properties.
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Lerch [20] noted there is an optimum sulfate content for each cement, which results in
the highest mechanical performance and lowest shrinkage. The optimum sulfate content
(optimum SOz content or sulfate demand) is usually obtained empirically through
isothermal calorimetry and compressive strength tests with cements with different
amounts of calcium sulfate, as described in the ASTM C563 [21] standard.

Many questions regarding the effect of calcium sulfate in CzA and C3S hydration and the
factors that may influence the optimum sulfate content remain. As discussed herein, many
factors may influence this content, including clinker and calcium sulfate characteristics
(fineness, chemical, and mineralogical composition), presence of supplementary
cementitious materials (SCMs) and chemical admixtures, temperature, and time of
hydration. Understanding of the sulfate demand on the system can address several
problems in the fresh and hardened state and long-term performance (durability), a
problem still quite common in the construction field. Without a complete understanding
of the mechanism driving sulfate demand on the system, these problems might become
increasingly common as the use of different SCMs and chemical admixtures on
cementitious materials increases. Recent investigations have provided insight on this
subject. In this paper, the effect of calcium sulfate on CzA, CsS and Portland clinker
hydration are reviewed, as well as the influence of the amount of sulfate on cement
properties. Presented within are the main factors that may influence the optimum sulfate
content and the methods that can be used to determine the sulfate demand. To the best of
the authors’ knowledge, a review focusing on the role of sulfate on Portland cement
hydration and the optimization of the sulfate content is still NOT extant. Despite the
increase in such research, there remains several issues to be resolved and

recommendations for future research is discussed.

3.2 EFFECT OF CALCIUM SULFATE ON CEMENT HYDRATION
To properly understand the sulfate optimization, it is fundamental to comprehend the
influence of calcium sulfate on cement hydration. To lay the groundwork, first we present
its influence on the two most important Portland cement phases concerning the initial
hydration and sulfate optimization: C3A and CsS, focusing on studies using pure phases
synthesized in laboratory. Next, we present the influence of calcium sulfate on cement

hydration.



3.2.1 Effect of calcium sulfate on CsA hydration

Without the addition of calcium sulfate, C3A reacts instantaneously once in contact with
water, releasing a great amount of heat and resulting in the formation of a OH-AFm-type
meta-stable product (CsAH13 and C2AHs) (see Eq. 3.1 [22], which is subsequently
converted to katoite (Ca2Al2(OH)12 or C3AHe) [22—-24]. The formation of these products
leads to “Flash-set,” i.e., stiffening and loss of workability in few minutes, making most

practical Portland cement applications unfeasible [1,4].
2C3A + 21H - C4,AH,5 + C,AH, (Eqg. 3.1)

To avoid Flash-set, gypsum (CaSO4-2H20) and natural anhydrate (CaSOs) are usually
added. Depending on temperature of the cement mill, gypsum may be dehydrated to
hemihydrate (CaSO4-1/2H20) and soluble anhydrite (CaSOs) [3]. The addition of calcium
sulfate completely alters the CsA reaction, and ettringite (C4AS;Hj,) is formed in the first
few minutes; see Eq. 3.2 [22,24]. The ettringite formation consumes the sulfates in the
solution. When the sulfates are exhausted, the ettringite becomes unstable and reacts with
the remaining CsA to form a SOs-AFm phase - monosulfate (C,ASH;,); see Eq. 3.3
[22,24]. Pourchet et al. [25] has reported the presence of OH-AFm phases in the first few
minute when gypsum is used as calcium sulfate source; the presence of these phases is

not observed when hemihydrate is used [25].
C3A + 3CSH, + 26H — C4AS;H3, (Eq. 3.2)
2C3A + C4AS;H3, + 4H - 3C,ASH,, (Eq. 3.3)

Figure 3.1 shows the typical heat flow curve resulting from the hydration of C3A in the
presence of calcium sulfate, divided into three stages. In stage I, an exothermic peak of
heat release is observed, followed by a sharp reduction. The heat released at this stage
results from the wetting of the particles, the dissolution of ions, and the formation of
ettringite [24].

Then the reaction rate decreases dramatically, and the induction period (stage 1) begins.
The duration of this period of low heat release depends on the amount of calcium sulfate
in the system. The higher the calcium sulfate content, the longer the duration of this period
[25-27]. Finally, when all the added calcium sulfate is consumed, a new exothermic peak

is observed due to the renewed C3A dissolution and the formation of monosulfate (stage
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I11) [24,26,28]. The peak shape has an almost vertical acceleration part, followed by an
exponentially decaying shoulder [28]. Minard et al. [26] proposed that the hydrations
kinetics of this period is controlled by dissolution. Quennoz and Scrivener [22] disagree
and have suggested that it is related to the nucleation and growth of SOs-AFm. Further
studies regarding this issue are needed to clarify the mechanism that controls the renewed

CsA dissolution and SO4-AFm formation.

The mechanism responsible for this delay is not yet fully understood. Several hypotheses
have been proposed. The oldest theory is that the delay occurs due to the formation of an
ettringite barrier on the particles of C3A [29-31]; however, due to the needle-like
crystalline morphology of the ettringite, it is improbable that this layer is responsible for
hindering the diffusion of ions and the transport of water [4,32,33].

Other authors have suggested that the reason for the delaying of the reaction would be a
“gel like” layer on the surface of C3A [34]. This hypothesis is disputed according to the
study of Minard et al. [26], this layer is an OH-AFm type phase, which also forms when
CsA is hydrated in the absence of calcium sulfate, in which the delay in the reaction is
not observed. As noted earlier, this hydrate does not form when hemihydrate is used, but
the reaction remains delayed [25]. Furthermore, the finer the C3A, the greater the quantity
of precipitated AFm, and the shorter the time for the sulfate ions to be consumed [26].
Finally, as shown by Geng et al. [32] ettringite forms after a few minutes of hydration
when the C3A surface is already covered by OH-AFm or SOs-AFm and, therefore, these

phases do not retard C3A hydration to any extent.

Joseph et al. [24] proposed that the C3A hydration in the presence of gypsum is inhered
by the surface coverage of ettringite on the active surface of C3A. The authors suggest
that the retardation is governed by a dissolution-controlled mechanism instead of a
diffusion-controlled mechanism of the ettringite barrier hypothesis [24]. As recently
showed by Liu et al. [27], however, the extraction of the sulfate of the solution (by adding
Ba(NO:s)2) leads to an abrupt end of the induction period (stage I1), although ettringite is
still present. Also, ettringite is more abundant in CzA-gypsum systems, but the C3A-
MgSO4 systems show the highest induction period [27]; thus the ettringite formation

cannot explain the delay in C3A hydration.



Another theory proposed by Minard et al. [26] is that the delay in hydration of C3A occurs
due to the adsorption of sulfate ions on its surface. According to Bullard et al. [28] the
sulfates may be adsorbed at defect sites and inhibit the formation of etch pits, delaying
the dissolution of CzA. This theory may also explain why the reaction decreases more
quickly in the presence of the highly soluble hemihydrate than in the presence of gypsum
(which is less soluble) [28], as observed by Pourchet et al. [25].

Myers et al. [35] proposed that an Al-rich leached layer is formed at the partially dissolved
CsA surface, and Ca-S ion-pair complexes are adsorbed onto this layer, decreasing the
active dissolution sites and the undersaturation of calcium ions, delaying the CzA
hydration. Recent experimental data reported in the literature [27,32,36,37] agrees with
the theory that the adsorption of S and/or Ca-S ion-pair complexes is correct mechanism

that accurately describes the retardation on C3A hydration.

In addition, the alkaline of the sulfate seems to play an important role in the retardation
of C3A hydration. As observed by Ye et al. [38], there is a cation-specific effect of sulfates
on the delay of CsA hydration. While most studies agree that calcium sulfate retards the
CsA hydration, there are contradictory results regarding the effect of other sulfate salts.
Some authors have observed that magnesium sulfate retards the CzA hydration
[27,37,38], while others have noted an increase in C3A hydration rate when adding
magnesium sulfate [39]. The addition of sodium sulfate (Na2SOs) either does not result
in a delay [29,40] or delays to a less extent compared to calcium sulfate [27,38]. Further

studies regarding the effect of different sulfate salts on C3A hydration are necessary.

Figure 3.5 — Typical calorimetry curve of CsA-calcium sulfate mixtures.
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The crystalline structure of C3A in the clinker depends on the alkali content present in the
raw materials and on the alkali content incorporated during the clinker process (which is
dependent on the fuel used). When Na* ions are incorporated into the crystalline structure
of CsA—thus replacing Ca?* ions—the formation of a solid solution with a general form
of NaxxCasxAl,03 occurs, where X is the amount of Ca?* that has been replaced by Na*.
x values of up to 0.10 (2.4 wt% of Na20) result in only cubic C3A, while values of x
between 0.10 and 0.16 (2.4 — 3.7 wt% of Na20) result in the co-existence of the cubic and
the orthorhombic polymorph. As the value of x increases to 0.16-0.20 (3.7 — 4.6 wt% of
Na20), only the orthorhombic CzA is presented. x values above 0.20 (4.6 wt% of Na,O)
result in a monoclinic polymorph [31,41-43]. In OPC, the monoclinic polymorph is not

observed, and the clinker usually presents cubic and orthorhombic CsA [31,44].

The crystalline structure has a great influence on the C3A hydration process and,
consequently, in the rheological properties (workability) of the cement paste. In the
absence of calcium sulfate, both cubic and orthorhombic C3A react with water, resulting
in the formation of metastable hydroxy-AFm phases, which then convert to katoite
(C3AHs) [5,23]; however, cubic C3A is more reactive than the orthorhombic CsA
[23,45,46].

In the presence of calcium sulfate, the behavior is inverted, and the orthorhombic C3A is
more reactive than the cubic one [5,23,36,45,47-49]. This is because despite retarding
the cubic CsA hydration, calcium sulfate accelerates the hydration process of
orthorhombic CzA [5,23,36,50]. As shown in Figure 3.2, the addition of gypsum
decreases the heat released during the first hours of the hydration of cubic C3A, indicating
a delay in the reactions, while adding the same amounts of gypsum increase the heat

released by the orthorhombic CsA hydration.



Figure 3.6 — Total heat released during the first 24 h of hydration for (A) cubic C3A and (B)
orthorhombic CsA with different amounts of gypsum, normalized by wt.% of dry solid (C3A + gypsum).
Source: adapted from Kirchheim et al. [23].
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To date, it is not known why calcium sulfate is effective in delaying hydration of cubic
CsA but not orthorhombic C3A. This may be related to the greater solubility of the ring
structures of Alg01i8~ in orthorhombic CsA, which impacts the formation of the
amorphous alumina layer on the CzA particles, and thus affects the dissolution rate
[23,36,46]. It may also be related to the sodium ions released in the dissolution of the
orthorhombic C3A, destabilizing the amorphous alumina layer [45] where the Ca-S ion-
pair complexes are adsorbed according to the hypothesis of Myers et al. [35]. Further
studies regarding the role of calcium sulfate on the hydration of the different C3A
polymorphisms are needed.

3.2.2 Effect of calcium sulfate on CsS hydration

As calcium sulfate is normally added to control the C3A hydration, their impact on C3S
hydration and strength are normally neglected. This ignores that fact that it has a great
influence on CsS hydration, which needs to be properly understood as it can influence the

sulfate optimization in Portland cements, influencing the properties of the cement.

The addition of gypsum does not change the products formed during CsS hydration, with
the exception of the aluminum-doped CsS where ettringite is formed [8,51]. The sulfate
ions released from the gypsum dissolution are specifically absorbed on C-S-H, changing
their morphology [51,52]. As illustrated in Figure 3.3, a cloud of sulfate ions could be
physically adsorbed by charge affinity in the positive charged C-S-H needles [51].

According to Mota et al. [51] this would result in the repulsion of the C-S-H needles and
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lead to a more divergent needle-structure instead of the convergent morphology observed

in plain C3S pastes.

Figure 3.7 — Schematic representation of the impact of sulfate ions on C-S-H morphology. Source:
adapted from Mota et al. [51].
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In addition, gypsum (and other soluble sulfates salts as Na>SOas) influence the C3S
hydration. Gypsum retards the initial hydration of C3S, and a more extended induction
period is observed [6,8,11,17]. According to Nicoleau et al. [11] and Juilland et al. [17]
the sulfate ions are physically adsorbed on CsS surface, decreasing the surface charge and

lowering its dissolution rate.

After the induction period, the behavior changes and gypsum enhance the CsS hydration
[6,8,18,51-58]; see Figure 3.4. Yamashita et al. [59] have observed that increasing the
clinker SOz content also accelerated the alite reaction but why it accelerates the reaction
is still not known. Quennoz and Scrivener [8] proposed that the enhancement in C3S
hydration by gypsum is due to reactions between the sulfates and the aluminum present
in C3S structure, thus forming ettringite. These reactions remove the aluminum (which is
known to retard CsS hydration) of the solution and accelerate its hydration. Bergold et al.
[60] suggest that this enhancement in aluminum-doped CsS hydration is due to the
seeding effect of very fine (nano-)ettringite, which might provide a suitable surface for

heterogeneous nucleation of C-S-H, leading to a faster dissolution of CsS.

As observed by many researchers [6,53,55,58,61], however, including the example given
in Figure 3.4, gypsum also accelerates the hydration of C3S without alumina, where the
formation of ettringite is not observed. Therefore, these hypotheses cannot explain the



increase of C3S hydration in the presence of calcium sulfate. According to Zunino and
Scrivener [6], the enhancement of C3S hydration by gypsum is probably a result of the
interaction between this phase and C3S and/or C-S-H, rather than interactions associated

with the aluminates.

Due to the acceleration in CsS hydration, the addition of gypsum usually increases the
initial mechanical strength of CsS pastes [18,56] but with a decrease in mechanical
performance at later ages [18,56]. This is probably related to the decrease in CsS content
when gypsum is incorporated into the mixture, resulting in a lower amount of C-S-H at
higher hydration degrees [56]. Besides, the intrinsic strength of the C-S-H gel is linearly
related to its C/S mole ratio, and when gypsum is added, the C/S decreases as well as the
intrinsic strength of C-S-H [18,62].

The enhancement in CsS hydration by gypsum may be related to the change in
morphology mentioned before. According to simulations performed by Gunay et al. [56],
gypsum increases the C-S-H growth rate, but its mechanism is unknown as yet. Further
studies on the impact of calcium sulfate on C3S hydration are needed.

Note that all these studies were performed with gypsum. Therefore, it is also essential to
study the effect of other calcium sulfate composition, e.g., hemihydrate and anhydrite, on
CsS hydration.

Figure 3.8 — Heat flow curves of C3S and C3S + 1.0% of gypsum pastes (w/c = 0.5) during the first 24
hours of hydration. Source: adapted from Zunino and Scrivener [6].
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The CsS can present in seven different polymorphs: (1) triclinic (T1, T2, and T3); (2)
monoclinic (M1, M2, and M3); and (3) rhombohedral (R), which will depend on the
temperature and doping with foreign ions [31,63-65]. Pure CsS is T1, while the OPC
usually presents M1 and/or M3 [31,63,65]. The SOz seems to stabilize the M1 polymorph,
while the MgO favors the formation of M3 CsS [66-69].

The change in CsS crystalline structure might influence its hydration. The M1 polymorph
seems to present a higher reactivity when compared to M3, resulting in higher mechanical
strength [70]. This difference might be related to the higher non-bonding electrons in the
M1-CsS when compare to M3-C3S [71]. Bazzoni et al. [72] has stated that there is no
clear link between the polymorphism and reactivity, as the same polymorph can present
completely different reactivities depending on the foreign ion used to stabilize it. Thus,
this difference between the M1 and M3 hydration rate might be related to the foreign ions
usually incorporated in the alite structure during the clinker production, which can greatly
influence CsS hydration. The aluminum [73,74] and iron [74] doping decreases the C3S
hydration rate, while zinc increases the main hydration peak [72,75]. A study the effect
of C3S polymorphs (or the doping of foreign ions) on the interaction with gypsum remains
to be conducted, despite some theories relating the presence of aluminum with the
enhancement due to the presence of gypsum [8,60], as mentioned before. Further
investigations on this topic are strongly recommended, as the interaction between CsS

and calcium sulfate might be a key factor to understand sulfate optimization.

3.2.3 Effect of calcium sulfate on Portland cement hydration

Figure 3.5 shows schematically the role of sulfate ions during Portland cement hydration.
In the first few minutes, the dissolution of the calcium and alkaline sulfates release sulfate
ions into the solution. A part of these ions reacts with the C3A to form ettringite, while
the other part is adsorbed—as CaSO3z complexes—by the C-S-H needles. When all the
solid sulfate has dissolved and the concentration of sulfates in solution decreases, reached
the moment known as “sulfate depletion point,” the sulfate ions are desorbed from the C-
S-H, leading to a renew dissolution of C3A with a new and rapid formation of ettringite
[8,76,77]. Then, the SO3/Al>Os3 ratio of the solution decreases, and the ettringite reacts
with the remaining C3A to form AFm phases [76,77].



Figure 3.9 — The role of sulfate on Portland cement hydration.
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As discussed in Section 3.2.2, the morphology of C-S-H is influenced by the sulfate ions
and changes with the sulfate depletion; see Bérodier et al. [78]. During the first hours of
hydration of the OPC, the sulfate ions are adsorbed on C-S-H, resulting in a divergent
needle-like morphology (similar to the C-S-H formed in C3S pastes with gypsum, shown
schematically in Figure 3.3) [78]. After the sulfate depletion, the sulfate ions previously
adsorbed on C-S-H are released into the solution, resulting in a change in C-S-H

morphology that becomes “agglomerated” [78].

Figure 3.6 presents some examples of heat flow curves of ternary cements (OPC, blast
furnace slag, and limestone) undersulfated, properly sulfated and supersulfated [79].
Figure 3.7 presents heat flow curves of undersulfated and properly sulfated pure C3S-C3A
mixtures (92-8 wt%) [6]. The SD point shown in Figures 3.6 and 3.7 corresponds to the
sulfate depletion point, leading to a renewed CzA dissolution with a new and rapid

formation of ettringite, followed by the begging of AFm phases formation [6-9,80,81].

In the undersulfated systems, the sulfate depletion happens before or just after the main
CsS hydration peak, as shown in Figure 3.6. In the undersulfated sample, the amount of
calcium sulfate added is not enough to delay the renewed C3A hydration until after the
main C3S hydration peak. When this happens, the CsS hydration is hindered and the peak
becomes smaller and broader, influencing the strength development [6,33,60,80]. The
heat flow curve from ternary cement pastes (Figure 3.6) differs from the heat curves of
undersulfated pure C3S-C3A mixtures (Figure 3.7), where a higher and narrower peak
(from the C3A hydration) is observed, followed by a smaller and broader peak of heat
(from the CsS hydration) [8,81]. These differences are probably due to the C3A
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availability (which will be higher in pure monophase mixtures) [8] and the presence of
iron in OPC (which decreases the reactivity of the aluminates). The reason for the delay
of C3S hydration in OPC pastes where the renewed C3A hydration occurs early is not yet
understood. This may be related to the release of aluminum ions into the solution due to
the renewed CsA dissolution, as the CsS hydration in the aluminum containing solution

is hindered [10-13]. There are several different hypotheses to explain this behavior.

In Al-contain solutions, aluminum incorporates to the bridging site and in the interlayer
of C-S-H, resulting in C-A-S-H [82,83]. According to Garrault et al. [10] and Begarin et
al. [84], C-A-S-H is not a suitable substrate for the C-S-H growth C-S-H nuclei
themselves, and this may be the reason why the C3S hydration is delayed. Another
hypothesis is that the condensation of an alumino-silicate species at the CsS surface,
linked via hydrogen bonds to silicate surface groups, may be the reason for the inhibition
of Cs3S reaction [11,12]. Finally, Bergold et al. [60] suggest that this slow-down in C3S
hydration is due to AFm precipitation. These AFm phases could coagulate with the C-S-
H and occupy C-S-H surface, which would become unavailable as a substrate for further
C-S-H precipitation [60].

In the proper sulfated cements, the sulfate depletion point needs to be after the main C3S
hydration peak; see Figure 3.6. In these cements, the CsS hydration occurs normally and

the matrix has a proper mechanical performance.

In supersulfated cements, the sulfate depletion point occurs many hours later than the
main peak of CsS hydration. In these cements, the CsS hydration is not negatively
affected, but the mechanical performance is lower than in the proper sulfated systems,
and the excess of calcium sulfate may lead to durability problems, as will be discussed in
Section 3.4.



Figure 3.10 — Heat flow curves of ternary cements (OPC, slag and limestone). Undersulfated, proper
sulfated, and supersulfated. SD represents the sulfate depletion point. Source: adapted from Adu-
Amankwah et al. [79].
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Figure 3.11 — Heat flow curves of C3S-C3A pastes (92-8 wt%) undersulfated and properly sulfated. SD
represents the sulfate depletion point. Source: adapted from Quennoz and Scrivener [8].
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3.3 FACTORS THAT INFLUENCE THE SULFATE DEMAND

As mentioned earlier, good mechanical strength in concrete requires obtaining proper C3S
hydration; sulfate depletion needs to occur after the main alite hydration peak. Any factor
that changes the sulfate supply to the solution and/or the sulfate consumption will change

the optimum sulfate content. The sulfates in solution come mainly from the sulfate source
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(gypsum, hemihydrate, anhydrate, alkaline sulfates, etc.) dissolution. If the dissolution is
accelerated, more sulfate will be supplied, increasing its depletion and the optimum
sulfate content will rise and vice versa. The sulfate of the solution is consumed by
ettringite formation and C-S-H adsorption [6]. Thus, factors that increase the ettringite
and/or C-S-H formation will increase the sulfate consumption, thus increasing the

optimum sulfate content.

3.3.1 Physic-chemical and mineralogic properties of clinker

The fineness of cement has a significant influence on sulfate demand. Increasing the CzA
fineness increases the ettringite formation [6]. Increasing the CsS fineness results in
higher C-S-H precipitation in the first hours of curing [6]. Thus, sulfate consumption is
enhanced, and sulfate depletion is accelerated. Therefore, the higher the cement fineness,

the higher the amount of sulfate needed to obtain a proper sulfated system [6,85].

The C3A content of the clinker also influences the sulfate demand. The higher the C3A
content, the higher the ettringite formation, which consumes more sulfate ions from the
solution and, therefore, will increase the demand for sulfate [6,86]. According to Damidot
et al. [86], in cements with more than 10 wt% of C3A, the optimum sulfate content for
maximum strength often exceed the limits of cement standards (e.g., 3.5 wt% in ASTM
C150[87], and 4.5 wt% in Brazilian standard NBR 16697 [88]). The C4AF content excites
a similar behavior as the C3A content, but its influence is lower due to its lower reactivity
[89].

The C3S content also has a significant role in sulfate demand. More C3S results in more
C-S-H formed and more sulfate adsorbed [8]. Therefore, an increase in C3S content might

lead to a higher optimum sulfate content.

Another factor, which influences the sulfate demand, is the alkali content of cement. The
higher the alkali content, the higher the amount of sulfate needed [89,90]. The alkali in
cement occurs as alkali sulfates and/or are incorporated in the cement phases, mainly in
C3A and in the silicate phases. Among the alkali sulfates, different phases can be present
in clinker, as thenardite (Na2SOs), arcanite (K2SQa), aphthitalite (3K2SO4-Na2SOa),
syngenite (CaS04-K2S04.H20), and calcium langbeinite (2CaS04-K2S04) [91,92].



In the presence of alkali sulfates, which are very soluble, the hydration of CsS is
accelerated in the first few days, increasing the amount of C-S-H formed [91,93], which
increases the amount of sulfate absorbed by C-S-H and thus increases the sulfate demand.
As observed by Fu et al. [94], the addition of 2.5% of Na>SOs anticipated the sulfate

depletion in two hours.

Conversely, alkaline sulfate might retard the C3A hydration (to a lesser extent compared
to calcium sulfate), thereby decreasing the sulfate demand. This delay in C3A hydration
will depend on the alkaline sulfate polymorph. Calcium langbeinite seems to greatly
retard the C3A hydration, followed by syngenite, and thenardite. Arcanite and aphthitalite
also result in lower delays on C3A hydration [91,92,95]. With the increase of calcium
langbeinite content, the amount of calcium sulfate necessary for obtaining proper sulfated
mixtures decreases [91]. Therefore, the higher the SOs of the clinker, the lower the

amount of calcium sulfate that needs to be added to obtain proper sulfated cements.

On the other hand, as observed by Wistuba et al. [47] an increase in the alkali content of
clinker favors an increase in orth-CsA/cub-CsA ratios, which anticipates the sulfate
depletion. The crystalline structure of C3A depends on the alkali content incorporated.
High alkali contents favor the orthorhombic phase rather than the cubic one. As
mentioned in Section 3.2.1, when studying pure phases, orthorhombic CsA reacts much
faster than cubic C3A in the presence of calcium sulfate, increasing the amount of
ettringite formed and increasing the consumption the sulfate of solution. Thus, the orth-
CsA/cub-CsA ratio of clinker probably influences the optimum sulfate content, but further
studies are needed to verify this assumption, as there are differences between pure CzA
polymorphs and CzA polymorphs from industrial clinker, which might influence its

reactivity.

The C3S polymorphism and/or the ions doping changes its reactivity [70,74,84]. As
discussed in Section 3.2.2, the M1 polymorph seems to be more reactive than the M3
polymorph [70]. Regarding ion doping, Al>Os [74,84] and Fe>Os3 [74] retards the C3S
hydration, while the MgO slightly increases it [74]. Therefore, these factors will influence
the C-S-H formation rate and affect the sulfate consumption by its adsorption. Thus, it

will probably alter the optimum sulfate content.
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3.3.2 Physics, chemical, and mineralogic properties of the sulfate source

The optimum sulfate content is related to the SO3 content rather than to the solid sulfate
content. Therefore, the higher the SOz content of the sulfate source, the lower the amount
of the solid sulfate source needed to obtain proper sulfated cements. Sulfate solubility
plays a huge role in the sulfate demand. Generally, the higher the calcium sulfate
solubility, the higher the optimum sulfate content. The solubility of calcium sulfate varies
with its fineness (surface area) and its chemical/mineralogical composition. The higher
the sulfate source surface area, the higher its solubility. Therefore, as observed by Barbosa
et al. [96], the increase in gypsum fineness anticipates the sulfate depletion and renewed
CsA hydration. Thus, a higher calcium sulfate fineness tends to increase the sulfate

demand of the cement.

Regarding the calcium sulfate source, gypsum (CaSO4-2H>0) and natural anhydrate
(CaS0g4) are commonly used in cement production; however, depending on temperature
of the cement mill, gypsum may be dehydrated to hemihydrate (CaSO4-1/2H,0) and
soluble anhydrite (CaSO4) [3]. The crystal structure and composition of calcium sulfate
impact its solubility [25,97], as shown in Figure 3.8; hemihydrate and the soluble
anhydrite are the most soluble, followed by gypsum and then natural anhydrite [3].

Mixtures with hemihydrate form more ettringite in the first hours, increasing the sulfate
consumption and anticipating sulfate depletion [6,25,98]. Thus, from these observations,
it is expected that the use of a more soluble calcium sulfate polymorph (i.e., hemihydrate
and/or soluble anhydrite) will increase the optimum sulfate content. The use of natural
anhydrite or gypsum, which have similar solubility, seems to result in the same optimum
SOs content [99].

Note: it is essential to have a correct adjustment between CzA reactivity and sulfate
solubility. If gypsum or natural anhydrite is used to control the hydration of cements with
high CsA activities (high content and/or the orthorhombic form), a flash set may occur
due to the insufficient amount of sulfate in solution, causing the formation of OH-AFm
or SOz3-AFm [86,100,101]. On the other hand, if a more soluble calcium sulfate
(hemihydrate or soluble anhydrite) is used in cements with low CsA activity, false set
may occur due to the formation of gypsum [100,101]. Therefore, to obtain properly

sulfated mixtures, a rule of thumb would be to use more soluble calcium sulfates



(hemihydrate or soluble anhydrite) in cements with high C3A reactivity and less soluble
calcium sulfates (gypsum or natural anhydrite) in cements with low C3A reactivity.
Further studies on this subject are required to fully understand this mechanism.

Figure 3.12 — Dissolution rates of gypsum, hemihydrate, soluble anhydrite, and natural anhydrite. Source:
adapted from Dodson and Hayden [3].
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The influence of sulfate ions on pure cubic C3A hydration depends on the type of cation
(Na, Mg or Ca). Liu et al. [27] have shown that MgSO4 causes the most significant
retardation, followed by CaS04-2H,0, and Na,SOa. In addition, Fu et al. [94] observed
that the addition of Na»>SOs anticipates the sulfate depletion point in slag-cement
mixtures, thus increasing the sulfate demand. This probably occurs due to the increase in
alite hydration and, as a result, in C-S-H formation in the presence of NaSOa. Therefore,
the cation in sulfate probably influences the optimum sulfate content in Portland cements,
as observed by He et al. [102] when studying MgSQO4, CaSO4-2H20, Na;SO4 and K>SOg.
Further investigations are needed to verify and provide more information regarding this

process.

Many studies also have shown the potential of using phosphogypsum as a replacement
for gypsum [103-105]; however, the presence of impurities (P20s) in phosphogypsum
delays the CsS hydration [105], changing the sulfate consumption rate, which may
influence the optimal sulfate content. A study Radwan and Heikal [106] phosphogypsum
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impurities actually accelerate C3A hydration. To the best of the authors' knowledge, no
systematic study regarding the sulfate optimization with phosphogypsum has been
published yet. This is an area that should be studied without delay as phosphogypsum as
a setting regulator seems to be a future trend. It is also essential to verify Radwan and
Heikal [106] results regarding the effect of phosphogypsum impurities on C3A hydration

and shed light on this mechanism.

The distribution of sulfates seems to be as important as the other factors already
mentioned. As showed by Tang and Gartner [92], the C3A hydration rate is much lower
in cements where clinker and gypsum were interground when compared to cements which
they were interblend. Intergrinding increases the sulfate supply rate by reducing the
diffusion distances between the sulfate and aluminate phases [92]. Thus, when testing to
determine the optimum sulfate content is important to intergrind the calcium sulfate with
clinker (as is typically done by the cement industry), as the intergrinding results in lower
sulfate demand, and the results obtained with interblend will not be representative of the

intergrinding cements [92].

3.3.3 Supplementary Cementitious Materials (SCMs)

As reported by many researchers, replacing cement (clinker + calcium sulfate) by SCMs
as slags [107,108], fly ash [100,109-112] (especially high calcium fly ashes [109,112]),
silica fume [113], calcined clay [9,114-117], limestone [9,118], red mud [119,120],
zeolite [121], and ground waste expanded perlite (highly reactive pozzolan) [113], usually
anticipate sulfate depletion, thus increasing the sulfate demand per clinker. Because of
the high amounts of calcined clay and limestone, LC® cements usually require more
gypsum in comparison with plain Portland cement [9,122-127]. As demonstrated by
Zunino and Scrivener [9] (Figure 3.9), replacing approximately 50% of the OPC with a
mixture of calcined clay and limestone (2:1), i. e. the LC3 50 cement, anticipates sulfate
depletion and, in this case, the mixture became slightly undersulfated. To adjust the

sulfate balance here, required adding 3 wt% of gypsum to the LC? 50 cement [9].



Figure 3.13 — Heat flow curves of OPC and LC? 50 cement. SD is the sulfate depletion point. Source:
adapted from Zunino and Scrivener [9].
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Note that by replacing OPC (cement + calcium sulfate) with SCMs, the content of calcium
sulfate concerning cement mass decreases, but remains the same in regard to clinker.
Usually, this anticipates sulfate depletion, and the mixture could become undersulfated,
requiring more sulfate. In these situations, the optimum sulfate content per clinker will be
higher than the OPC, but the optimum sulfate content per cement will be lower. The lower
optimum sulfate content in relation to cement mass is expected and by replacing clinker
with SCMs will result in the mixture having less C3A and less C3S. Note: the increase of
the optimum sulfate per clinker by SCMs is possibly related to two main factors: filler

effect and alumina content.

First, when SCM replaces a portion of clinker, the CsS hydration is accelerated due to
more space available for the hydrates of clinker phases to form in and adhere to the surface
of the SCM particles, which act as sites for heterogeneous precipitation and growth of
hydrates [9,80]. Thus, as more C-S-H is formed, more sulfate is adsorbed, increasing the
sulfate demand per clinker [9,80].

Generally, C3S hydration increases with the increase in SCM content, directly influencing
the sulfate demand. Also, the higher the SCM surface area, the higher the enhancement
in Cs3S hydration and C-S-H formation [9,80]. Thus, SCMs with higher surfaces areas
have a higher sulfate demand [80,108,110,114,116,119,120,125].
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The aluminum content of the SCMs may also influence sulfate demand [9]. Using SCMs
with higher aluminum contents, increases the amount of ettringite formed, which
increases the sulfate consumption and anticipating sulfate depletion. Using SCMs with
higher amounts of alumina seems to increase the sulfate demand. Zunino and Scrivener
[9] disagree despite the majority of the studies indicating that the alumina content
influences the optimum sulfate content. They contend that the aluminum content of
calcined clay does not influence the sulfate demand. They studied two different clays with
different aluminum contents and different surfaces areas. The clay with higher aluminum
content and lower surface area presented a lower sulfate requirement than the other clay
[9]. Although this clearly shows the great impact of surface area on sulfate demand, it is
impossible to conclude that aluminum content does not influence the optimum sulfate
content as SCMs with higher aluminum content usually increase the amount of ettringite

formed.

Whittaker et al. [108] studied slags with similar particle size distribution but different
alumina contents. The sulfate depletion occurred early in the cement with slag with the
higher alumina content, indicating that the alumina content influences sulfate demand. In
a study by Avet et al. [125], the sulfate depletion occurred early in the mixture with the
calcined clay, which contained 95.0 wt% of kaolinite (43.8 wt% of Al>0s) when
compared to the mixture with the calcined clay, which contained 50.3 wt% (32.3 wt% of
Al,03), despite its much lower B.E.T. surface area (9.6 m?/g for the clay with higher
alumina content and 45.7 m?/g for the other). Based on these results, the alumina content
seems to have significant influence on the sulfate demand. Additional study on the role
of SCM aluminum content on the optimal sulfate content is required to confirm the

finding of Zunino and Scrivener [9].

The effect of limestone on optimum sulfate content is also not clear. Some authors [9]
state that an increase in limestone increases the optimum sulfate content due to filler effect
for the other SCMs. The enhancement in cement hydration is generally higher when using
limestone compare to others SCMs, as the limestone surface seems to have a stronger
bond interaction with calcium ions [9,115]. According to Campiteli et al. [85] the
limestone actually decreases the optimum sulfate content for maximum strength. This
behavior may be related to the change in phase assembly when using limestone, which
stabilizes hemicarboaluminate and monocarboaluminate instead of monosulfate, thus

increasing the ettringite formation [54,128]. This changes the volumes of solid and,



therefore, the strength. Thus, the optimum SO3 content for maximum strength may differ
in cements with limestone compared to plain cements. Further investigations are needed
to verify the results postulated by Campiteli et al. [85] and understand why a decrease in

the sulfate demand occurs in the presence of limestone.

Some SCMs—e.g., fly ash [109,112] and in particular circulating fluidized bed
combustion (CFBC) fly ashes [129,130]—contains sulfates in their composition. The
sulfates from SCM, if available in the early hours of hydration, will help control C3A
hydration by reducing the amount of calcium sulfate and obtaining a properly sulfated
mixture. Unfortunately, as sulfates are present in different phases of the chemical
reaction, with different solubilities, the decrease in the calcium sulfate to obtain maximum
performance is not straightforward. Sulfates can be found in fly ash and other SCMs as
alkali sulfates and calcium sulfate (dihydrate, hemihydrate, or anhydrous), which are
relatively soluble and will contribute to the sulfate demand of cement. Alternatively,
sulfates can be present in the glassy phase, which would not be necessarily be soluble at
the early ages; therefore they could not contribute to the sulfate demand of the cement
[109,112]. More investigation on this subject is encouraged to properly understand the
effect of the sulfates from SCMs on the sulfate demand of OPC.

Note that the influence of SCMs on the sulfate demand of Portland cement is not
straightforward, as it may depend on the particle size, chemical composition, and
solubility, among other factors. Therefore, when analyzing a new SCM, it is important to
verify its impact on the sulfate demand of the cement in order to obtain the best

performance and avoid incompatibilities.

In some countries, such as the United States, it is common to add the SCMs in the concrete
stage instead of during cement production [131]. This can become problematic as the
SCM may increase the sulfate demand of the cement, which would render the mixture
undersulfated and cause problems such as setting, workability, and strength development.
When added to the mix during cement production, the industry can control the sulfate

demand and adjust the sulfate content in a much better way.
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3.3.4 Chemical admixtures

Many chemical admixtures used in mortars and concrete influence the reactivity of
cement phases and the dispersion and wetting of cement grains. In addition, they may

affect the dissolution of sulfates [100], i.e., the optimum sulfate content.

Water reducers, plasticizers, or superplasticizers affect cement hydration.
Polycarboxylate-ether (PCE), naphthalene sulfonate formaldehyde polycondensate
(NSF) and lignosulfonate (LS) admixtures result in retarding alite hydration, thus
prolonging the induction period and lowering the C-S-H formation rate [132-135].
According to Kishar et al. [136] however, the NSF accelerates the conversion of ettringite
to monosulfate. The same behavior was observed by Rosa [137] and by Jiang et al. [138]
when studying pure C3A pastes with PCE admixtures. As observed by Ng and Justnes
[134] and Jansen et al. [135], the presence of PCE, NSF, or LS admixtures approaches
the sulfate depletion point from the main hydration peak of alite, as shown in Figure 3.10

[134], indicating that these chemical admixtures increase the sulfate demand.

Figure 3.14 — Heat flow curves of reference OPC without chemical admixture and with 0.2 wt% (in
relation to OPC) of naphthalene sulphonate-formaldehyde (NSF), lignosulfonate (LS), and
polycarboxylate superplasticizers of short side chains (PCE-1), long side chains (PCE-2), and long and
very long side chains (PCE-3). Source: adapted from Ng and Justnes [134].
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There are three main hypotheses to explain this behavior [139]. First, the adsorption of
the superplasticizer on the sulfates may slow down the dissolution of the calcium sulfate,
thereby decreasing the supply of sulfate ions to the solution [3,135,139,140]. The lower
the rate of sulfate ions supplies into the chemical admixture solution might not be enough

to “feed” the dissolution of C3A, creating a “false” sulfate depletion [135,139].



The second hypothesis is that the presence of superplasticizer leads to a faster sulfate
consumption due to the better dispersion of anhydrous particles [139]. The third
hypothesis is that the PCEs-based admixtures enhance ettringite nucleation, providing a
large surface area for the growth of the hydration products, resulting in faster
consumption of sulfates [139]. Why PCE admixtures enhance ettringite nucleation is not
well understood [139]. Additional investigations are needed to understand this
mechanism and the chemical admixture’s influence (e.g., chain length, etc.) on the

optimum SOz content.

Also worth mentioning is that the sulfate amount added may interfere with the efficiency
of the chemical admixture. At the optimum SOs content, C3A reacts with the sulfates in
solution, forming ettringite, and the superplasticizer admixtures adsorb onto aluminate
hydrates and silicates phases, increasing the fluidity of the mixture [133,141]. That said,
the superplasticizer effect of PCE decreases with an increase in the content of sulfate
added, being most significantly influenced by the alkali sulfates (Na.SO4 and K>SQOys)
when compared to gypsum and MgSO4[102,141]. When the content of sulfate in cement
paste increases, the amount of sulfate ions in solution increases and is competitively
adsorbed onto cement surfaces, thereby reducing the adsorption of PCE and decreasing
its superplasticizer effect [49,102]. If the soluble sulfate/CsA ratio is too low, hydration
of C3A occurs, resulting in the formation of aluminate hydrates that adsorb the chemical
admixtures and form organo-mineral phases, thus reducing the superplasticizer effect of
PCE [49,133,141]. These “incompatibilities” between superplasticizer and cement can be
avoided if the amount of calcium sulfate and the solubility of the sulfate source is well
adjusted.

The use of accelerators and retarders also changes the sulfate demand of the cement. The
accelerators enhance the CsS and CsA hydration, increasing the sulfate consumption and
accelerating the sulfate depletion [100,142,143]. This effect is higher in aluminum-
containing accelerators with high Al,0s/SO4> due to the reaction between the sulfate and
the alumina from the chemical admixture [142]. Salvador et al. [143] have observed this
behavior in mixtures with both main types of accelerators, alkaline and alkali-free. Note:
the sulfate depletion occurs early in the mixtures with alkaline accelerators. The
accelerators compositions explain this result. As the alkali-free accelerator is based on an
aluminum sulfate solution (while the alkaline type is based on sodium aluminate

solution), the sulfates from the chemical admixture provide more sulfate to the solution
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even though the sulfate concentration in solution was always lower than that in the

reference paste [143].

As for other chemical admixtures, the amount and composition of calcium sulfate added
might influence the accelerator efficiency. Maltese et al. [144] have observed that the

lower the dissolution rate of the calcium sulfate, the more efficient is the accelerator.

Retarders might also influence the sulfate demand for cement. Although all retarders
delay the CsS hydration, the effect on C3A hydration is different depending on the type
of retarder used. As observed by Bishop and Barron [145], while tartaric acid retards the
CsA hydration and ettringite formation, sucrose and the lignosulfonate-based admixture
accelerate it. Thus, retarders probably have different effects on optimum sulfate content.
Studies on this subject are quite scarce and this should be the subject of future research.

Grinding aids are commonly used during the comminution of clinker to reduce
electrostatic forces and minimize agglomeration between clinker and SCM grains
[146,147]. The chemical composition of the grinding aids includes glycols—propylene
glycol (PG), monoethylene glycol (MEG), and diethylene glycol (DEG); alkanolamines-
triethanolamine (TEA), triisopropanolamine (TIPA), and diethylisopropanolamine
(DEIPA); and polycarboxylate ethers (PCESs) [146]. The use alkanolamines promotes the
reaction of CsA, thus increasing the amount of ettringite formed (which anticipates the
sulfate depletion) and enhancing the aluminate reaction [146,148]. More investigations
are needed to fully understand the effect of the alkanolamines on the sulfate demand and
investigate the impact of other types of grinding aids (such as the glycols) on cement

hydration and sulfate optimization.

3.3.5 Water/binder ratio

The water/binder ratio (or water/cement ratio) influences cement hydration. Generally,
when the w/c ratio decreases, the concentration of alkalis in the solution increases,
increasing the cement hydration rate [149]; however, due to the lower space available for
the hydrates to grow and the lower amount of water available to hydrate, the long-term
degree of hydration is decreased [90,100,111,150]. If the water/binder (w/b) ratio alters
cement hydration, it probably influences the sulfate demand. In the study Wyrzykowsky
and Lura [151] the OPC that was properly sulfated at a w/b ratio of 0.30 became under-

sulfated at a w/b ratio of 0.16. As observed by Zunino and Scrivener [126], the sulfate



depletion occurred slightly early in the LC? system, with a w/b ratio of 0.4 compared to
the mixture w/b ratio of 0.8. Despite delaying the sulfate depletion, the increase in w/b
ratio enhanced the aluminate peak of LC3 systems [126]. More investigation on this
subject is needed to properly understand the effect of w/b ratio on the sulfate demand of
OPC.

3.3.6 Hydration age

At later ages, although the optimum sulfate content seems to be higher [149,152], it is
less pronounced [13] (see Figure 3.11 [111], demonstrating that there is a different
optimum sulfate content for each age. The reason for this is not clear and is
counterintuitive. The opposite effect would be expected, i.e., the optimum sulfate content
decreases with age, as calcium sulfate enhances the hydration of C3S, resulting in higher
initial strength, but lowers the final strength due to the decrease in C-S-H density and the
lower amount of C-S-H formed as less clinker (hence less CsS and C»S) is present in the
cement. It is speculated that this behavior might be related to the SO3 content needed to
result in the maximum volume of aluminate phases at each age, which impacts the volume
of solids, the porosity, and the strength. As observed by Cottin and Vibert (1976) ! and
cited by Kurdowski [152], the gypsum content needed for the maximum volume of
aluminate phases increases with time, which could explain the higher optimum sulfate
content at later ages. Further studies regarding the variation of optimum sulfate content
with the age are required to understand this phenomenon properly.

Figure 3.15 — Mechanical strengths vs sulfate factor. Example of the procedure to determine the optimum
sulfate content. Source: adapted from Tsamatsoulis and Nikolakakos [111].
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3.3.7 Curing conditions

The dissolution of gypsum [153] and anhydrous cement, and the precipitation of hydrates
increases with the temperature [154,155], prompting the rapid consumption of sulfates from the
solution and anticipating sulfate depletion [152,156]; simply, high curing temperatures results
in higher optimum sulfate content [89,111,152,156].

The relative humidity (RH) also plays a vital role in cement hydration, especially when low
water/binder ratios (w/b < 0.30) are used. As observed by Wyrzykowsky and Lura [151], water-
saturated cement pastes hydrate faster than the sealed ones. It stands to reasons that a change in
RH might influence sulfate demand. Further investigations are needed to fully understand this

mechanism.

As discussed in Section 3.4.5, DEF formation occurs in mortars and concretes that have been
cured at high temperatures (> 65 °C) and in moist environments. As observed by Al Shamaa et
al. [157], RH greatly influences the probability of DEF. Clearly, as the curing temperature and
RH are predominant factors in DEF; they should be considered together with the sulfate content

to prevent durability problems.

3.3.8  Summary of the effects that influence sulfate optimization

Table 3.1 summarizes the main factors that may influence the optimum sulfate content in
Portland cement (direct, inverse, or unknown) and the state-of-knowledge (well known or needs
further investigation).
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Table 3.2 — Main factors that may influence the optimum sulfate content.

Type Sub-type Relationship Status

Fineness Direct Well known

Alkali content Direct Well known

SOs content Inverse Well known

Clinker CsA and C,AF content Direct Well known

CsS content Direct Well known
CsA polymorphism Unknown Needs further investigation
CsS polymorphism Unknown Needs further investigation

SO; content Inverse Well known

Fineness Inverse Well known
Composition (solubility) Inverse Needs further investigation

Sulfate source

Impurities (phosphogypsum) Unknown Needs further investigation
Cation Unknown Needs further investigation

Distribution in cement Inverse Well known

Content Inverse Well known

Fineness Direct Well known

SCMs

Aluminum content Uncertain Needs further investigation
Sulfate content Uncertain Needs further investigation
Plasticizers Direct Needs further investigation
Setting accelerators Direct Needs further investigation
Admixtures Retarders Unknown Needs further investigation
Grinding aids - alkalonamines Direct Needs further investigation
Grinding aids - glycols Unknown Needs further investigation
Water/binder ratio Inverse Needs further investigation
Hydration age Direct Needs further investigation

Temperature Direct Well known

Curing conditions

Relative humidity Unknown Needs further investigation

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates
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3.4 INFLUENCE OF SULFATE CONTENT ON THE CEMENTITIOUS
MATRIX PROPERTIES

As discussed in Section 3.2.3, the sulfate content has a significant effect on cement hydration
kinetics. It also changes the composition of the phase assemblage and influences other
properties, e.g., setting time, workability and rheology, mechanical performance, and drying

shrinkage, and may impact a cement’s long-term performance, i.e., durability.

3.4.1 Effect of sulfate content on setting time

The increase of calcium sulfate content delays the initial and final setting times until a limit is
reached. Further addition of calcium sulfate does not influence the setting time [158]. In
addition, the inadequate amount/type of sulfate may lead to two types of premature setting:

flash set and false set.

Undersulfated systems may present a “flash set” due to the quick reaction of C3A, with the
formation of calcium-alumina hydrates, making most practical applications of Portland cement
unfeasible [4]. When the flash set occurs, further mixing cannot break apart the microstructure

that has formed, and subsequent strength development is poor [31,159].

The presence of hemihydrate (CaSOs4-1/2H20) in OPCs—that can be formed from the
dehydration of gypsum during grinding—can result in premature stiffing known as “false set,”
in the first few minutes due to its rehydration and formation of gypsum (CaSOs-2H.0)
[159,160]. Stiffing results from interlocking needle-like gypsum crystals and the reduction in
free water available to lubricate the system and promote fluidity [31]. Further mixing can
overcome this premature stiffing, and the subsequent strength development is not greatly
affected [31,159].

3.4.2 Effect of sulfate content on workability and rheology

Typically, increasing the sulfate content of the cement increases the water demand [158], the
viscosity [102], and the yield stress [102] of cementitious mixtures. Gypsum is softer than
clinker; therefore, when it is interground with clinker it usually shows a higher surface area,
which is responsible for the increase in the water demand [158]. In addition, more ettringite is
formed at higher sulfate contents, which has a prismatic/needle shape and high surface area,

and greatly impacts the viscosity of cement paste [97].
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The composition of the calcium sulfate added also influences the rheology of the cement paste.
The use of hemihydrate, which has a higher solubility than gypsum, increases the amount of
sulfate on the solution and changes the ettringite morphology from spherical or stubby rod to
elongated ettringite [161]. According to Mbasha et al. [161], this change in the ettringite
morphology is responsible for increasing the yield stress and plastic viscosity of the cement

pastes.

3.4.3 Effect of sulfate content on the degree of hydration and chemical shrinkage

As discussed in Section 3.2.3, the amount of sulfate greatly influences the cement hydration
and, consequently, the degree of hydration. Usually, the degree of hydration of the cement
increases with the increase of the amount of sulfate until a certain content is reached—the
optimum SOs content—and then decreases. In this sense, chemical shrinkage related to the
degree of the hydration of the cement is influenced in the same way by the sulfates; i.e., the

cement with the optimum SOz content presents the highest chemical shrinkage [79].

3.4.4 Effect of sulfate content on porosity and mechanical strength

The sulfate content also influences the porosity and the mechanical strength of the cement. The
optimum sulfate content shows the lowest porosity with the highest strength [62,79,158]. As
mentioned in Section 3.2.3, in undersulfated systems, the CsS hydration is inhered, greatly
impacting the porosity and the strength mainly in the first days. Adding more calcium sulfate
increases the SO3/Al>Oz ratio in the cement, resulting in relatively more ettringite and less
monosulfate [86]. Ettringite has a higher volume compared with monosulfate; therefore, as the
volume of solids increases, it modifies the porosity distribution, lowers the total porosity and
increases the mechanical strength [62,79]. The higher the sulfate content, the higher the solid
volumes, and, until a determined value (i.e., the optimum sulfate content), the lower the porosity

and the higher the strength.

Further additions of calcium sulfate—over the optimum content—increase the porosity and thus
decrease the mechanical strength. This behavior probably is due to the decrease in the C-S-H
amount, as the clinker content is lower. Moreover, it may also be related to the reduction of
density and increase of C-S-H gel porosity with an increase of sulfate added and the consequent
decrease in C/S mole ratio [79], leading to a decrease in the intrinsic strength of C-S-H gel
[18,62].
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A higher volume of solids means there is less liquid available to evaporate. Thus, an increase
in the sulfate content usually decreases drying shrinkage until a certain value is reached. The
optimum SOs3 content for maximum cement mortar strength usually coincides with the optimum

sulfate level for minimum concrete shrinkage under normal curing conditions [100].

3.4.5 Effect of sulfate content on long-term performance (durability)

The excess of sulfate can be deleterious to a concrete’s durability, as the increase in the SO3
content of cements increases the risk of delayed ettringite formation (DEF) [14-16], which is
the formation of ettringite in a cementitious material after the concrete has set. This formation
may occur in cementitious materials that have been cured at elevated temperatures (above 65
°C) or in massive concrete structures [162-164]. Delayed ettringite formation causes expansion
and cracking, increasing the porosity and permeability, facilitating the entry of aggressive
agents as CO2 and chlorides, and reducing the lifetime of concrete structures [157,162,163].
Thus, cement standards usually limit the maximum content of SOz in cements, depending on
the type of cement. The threshold of 5 to 6% SOz is commonly accepted in the literature for

expansion [31].

3.4.6 Summary of the effects of sulfates on cement properties

It is important to keep in mind that the amount needed to optimize each property (rheology,
setting time, porosity, drying shrinkage, and mechanical strength) may not be the same, and
different “optimum sulfate content” can exist for each cement [31,158]. Table 3.2 summarizes

the effects of sulfate content on the properties of cementitious mixtures.
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Table 3.3 — Effects of sulfate content on the properties of cementitious mixtures.

Property Effect References
Increase of SO content Incre_ase of |n_|t|al and final setting [158]
times until a plateau value
N Insufficient amount of SO3
Setting time (undersulfated systems) Flash set [4,31,159]
Use of hemihydrate
(CaSOs-1/2H,0) False set [31,159]
Increase of sulfate content Increase of viscosity, yield stress and [102,158]
water demand
Rheology
Use of hemihydrate Increase of viscosity, yield stress and [161]
(CaS04-1/2H,0) water demand
Porosity Increase of sulfate content Decreases until an optimum content [62,79]
and then increases
Insufficient amount of SO; Poor mechanical strength [62,79,158]
Mechanical
strength Increases until an optimum content
Increase of sulfate content and then decreases [62,79,158]
Chgmlcal Increase of sulfate content Increases until an optimum content [79]
shrinkage and then decreases
D_rylng Increase of sulfate content Decreases until an_optlmum content [100]
shrinkage and then increases
Durability Increase of sulfate content Increases the risk of DEF [14-16]
3.5 METHODS TO DETERMINE THE OPTIMUM SULFATE

CONTENT

The determination of the initial and final setting times by the Vicat needle [165] is the most

popular method used by the cement industry to adjust the calcium sulfate content. This method

can verify setting problems as flash set or false set, and if the amount of calcium sulfate added

provides an adequate setting time. As discussed in Section 3.4.1, the setting times increase with

the increase in calcium sulfate content until a plateau value. In this test, the amount of SO3 is

chosen as the amount that results in a specific initial and final setting time. This method cannot

determine the optimum sulfate content, which will result in the highest mechanical strength and

lowest shrinkage.
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There are some empirical equations in the literature to determine the optimum SOs content
[31,152]. Because many factors influence the optimum sulfate content (as discussed in Section
3.3), these formulae have limited practical importance [13]. The best and most used way to
determine the optimum sulfate content is to test different mixtures and varying the sulfate

content.

The optimum sulfate content is usually defined by measuring the mechanical strength or the
heat released by mixtures of the same components (clinker or SCM) with different calcium
sulfate contents. ASTM C563 [21] describes the method to determine the optimum sulfate
content by using either isothermal calorimetry and/or measuring mechanical strength. This
standard [21] recommends that at least five mixtures with different SOz contents should be
tested. The SOz should differ more than 0.20 wt% between the individual mixes, and the
maximum and minimum SOz content of the blended samples must differ by at least 2.0 wt%.
The higher the number of samples with different SOz contents tested, the more accurate the
optimum sulfate content will be. The cement fineness should be as similar as practically
possible [13,149,166].

Isothermal calorimetry is a simple, convenient, and rapid way of determining the optimum
sulfate content [13,109,166]. The optimum sulfate content is determined by plotting the
cumulative heat at determined age (i.e., 1, 3, or 7 days) as a function of the SOz content in the
cement; see Figure 3.12. The heat recorded before the end of the induction period should not
be considered in this cumulative heat due to the lower reproducibility of the initial peak [13].
Due to the low amount of heat released after 7 days, the calorimetry should not be used to

determine the optimum sulfate content at later ages.

Measuring mechanical strength, the most common method to gauge the optimal sulfate content,
is widely used by the cement industry. It is simple and does not need expensive equipment. It
does demand a higher amount of material, which can be problematic for some studies with
limited materials. The strength of each formulation is plotted, and a parabolic least square fit is
realized in a similar method to isothermal calorimetry. The optimum sulfate will then be the x

values that provide the highest strength; see Figure 3.12.

Although not as popular compared to isothermal calorimetry and compressive strength tests,
ASTM C563 [21] describes the determination of the optimum sulfate content by the drying
shrinkage of mortars. In this case, the optimum content is usually defined as the content of
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calcium sulfate, resulting in the lowest drying shrinkage. Similarly, the chemical shrinkage test,
described by Geiker [167], can also be used to optimize the amount of sulfate in Portland cement
[79]. In this test, the optimum SOz content is that which results in the highest chemical

shrinkage at a specific age—indicating the highest degree of hydration.

Figure 3.16 — Example of the procedure to determine the optimum sulfate content.

® Measured points y=ax’+bx+c
-b

- = Optimum SO, Optimum SO, = o)

------- Parabolic least square fit

Strength (MPa) or
Cumulative heat (J/g of cement)

SO; content (%)

Note: none of the previous tests assess the long-term performance/durability of the cement
paste, mortar, and/or concrete. As discussed in Section 3.4.5, the sulfate content might
significantly influence the durability of the cement matrix, especially when an excess of sulfate
in used that can lead to delayed ettringite formation (DEF). Therefore, the determination of the
optimum sulfate content should be combined with durability tests that evaluate the probability
of DEF, per the Duggan test [15,168] or similar method [16,169].

Table 3.3 summarizes the different methods that can be used to optimize sulfate content, in
addition to the advantages and disadvantages of each method. The optimum sulfate content may
not be a specific number but rather a range of SOs. In addition, the optimum sulfate content
might vary according to the performance criteria (mechanical strength, shrinkage, etc.) and with
the age; see Section 3.3.6. Therefore, the optimum SOs content should be a compromise

between the different performance criteria and the different ages.
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Table 3.4 — Methods to determine the optimum sulfate content.

Method Advantages Disadvantages
Requires more material than
) calorimetry (600 g of cement per
Mechanical e Quite common. SOj; content per age).
strength * Do not require expensive Time-consuming.
equipment.
Do not evaluate long-term
performance (durability).
e Easy to test.
e Rapid. Inaccurate in determining the
optimum SO; content at later ages
e Can be carried out at a wide (> 7d).
. range of temperatures. . . .
Calorimetry _ ) Require a calorimeter, which may
e Requires less material than not be available in all laboratories.
the other tests (depend on
the equipment used, but Do not evaluate long-term
usually between 5-50 g of performance (durability).
cement per content of SO3).
More laborious than the other
techniques (as calorimeter).
Do not determine an optimum SO3
e  Most common. content (only determines the SO3
N _ content, resulting in a specific
Setting time o  Verifies setting problems setting time).
(flash set or false set). ) )
Requires more material than
calorimetry (at least 1000 g of
cement per SO; content).
Do not evaluate long-term
performance (durability).
¢ Do not require expensive
equipment.
. . Time-consuming.
Chemical e Requires less material than g
shrinkage the other tests (depend on Do not evaluate long-term
the setup used, but usually performance (durability).
between 5-30 g of cement
per content of SO3).
Requires more material than
calorimetry (750 g of cement per
. . SOs3 content).
Shrinkage o Do not require expensive
equipment. Time-consuming.
Do not evaluate long-term
performance (durability).
o Evaluates the probability of Time-consuming.
Probability of occurrence of DEF, which ) )
DEF will influence the long-term Do not determine optimum SO

performance (durability).

content.
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3.6 SUMMARY AND PERSPECTIVES FOR FUTURE RESEARCH

Calcium sulfate greatly influences C3A, CsS, and OPC hydration, influencing the properties of
the concrete. This paper has summarized the most important research findings to date on this
topic. Further investigation regarding the effect of calcium sulfate on C3A and CsS hydration is
needed, especially with the C3A and CsS polymorphs, as the mechanism by which calcium

sulfate influences the hydration is not yet fully understood.

The calcium sulfate content added to the cement influences the properties of the cement. An
optimum SOs content results in concrete with the highest strength and lowest shrinkage. This
content will depend on many factors, including the characteristics of the clinker and calcium
sulfate, the presence of SCMs and admixtures, the water/binder ratio, curing conditions, and
the age of hydration. Many knowledge gaps remain on this subject, and further investigation is

high recommended.

Despite being used for more than a century and the subject of hundreds of studies, many
questions on the influence of calcium sulfate on cement properties remain. Additional studies
on this subject are required to provide a completely understanding of its influence on the

rheology, setting, mechanical performance, and durability of OPC.
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Chapter 4

Hydration of C3S and Al-doped CsS in the presence of
gypsum

Chapter 4 is based on the article:

José S. Andrade Neto, Erich D. Rodriguez, Paulo J. M. Monteiro, Angeles G. de
la Torre, Ana Paula Kirchheim. Hydration of C3S and Al-doped CsS in the
presence of gypsum. Accepted for publication in Cement and Concrete
Research.
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4 THE HYDRATION OF CsS AND AI-DOPED CsS IN THE PRESENCE
OF GYPSUM

ABSTRACT

A full understanding of how gypsum accelerates the CsS hydration, and the role of aluminum
has not been achieved. The effects of gypsum (at 2.5 wt.% and 5.0 wt.%) on the hydration of
tricalcium silicate (C3S) and aluminum-doped CsS (AI-CsS) hydration are assessed. Isothermal
calorimetry, thermodynamic modeling, XRD, TGA, and ?’Al and ?°Si MAS-NMR were
performed to analyze gypsum’s influence on the hydration of C3S and Al-CsS. The inclusion
of gypsum retarded the initial hydration (first 3 h) for both C3S and AI-CsS, due to the
interaction between the sulfate ions and CsS. In contrast, gypsum enhanced the hydration of
both CsS and Al-CsS afterward. This acceleration effect occurred earlier for the Al-CsS due to
the removal of aluminum from the solution. However, this is not the main mechanism behind
the acceleration of C3S by gypsum, which mainly results from changes in C-S-H morphology

and increases in the ionic strength.

Keywords: C3S; Sulfate; Gypsum; Aluminum; Hydration.
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4.1 INTRODUCTION

Calcium sulfate, like gypsum, hemihydrate, and/or anhydrite, is added in Portland cement (PC)
to control the CsA hydration and subsequently improve its industrial application feasibility
[1,2]. However, despite the much fewer studies, when compared to CsA-calcium sulfate
systems, calcium sulfate also modifies the CsS/alite hydration and the morphology of its
hydration products [3-12]. Also, as observed by Zunino and Scrivener [13], the C-S-H
precipitation rate and, consequently, the alite reaction influences the sulfate demand of PC and,
mainly, of blended cements. Therefore, the interactions between gypsum and alite may have an
essential role in sulfate optimization of Portland cements, influencing the setting, workability,
mechanical performance, and shrinkage of these cementitious materials [2]. This is particularly
important for blended cements, which present different sulfate demands compared to PC [2,13].
Thus, the effects of calcium sulfate on alite reaction might influence the sulfate balance of a

more complex system.

In clinker, CsS usually forms solid solutions, containing several foreign elements as Mg?*, A",
Fe3*, S Na*, K*, and P°* [14,15]. The presence of these elements changes the C3S structure
and might influence its reactivity [14]. Therefore, it is important to differentiate C3S as a single
phase from the C3S present in industrial clinkers. Because of this, the C3S-solid solution present
in the clinker is usually referred to as alite. In this study, the term alite is used when referred to
the CsS present in industrial clinker. Furthermore, the term “CsS” is used to referred
stoichiometric C3S or CsS with some incorporation of Mg?*. Finally, the term “Al-C3S” refers
to the CsS that contains AI** (and also Mg?*). It is also important to define the nomenclature
adopted to refer to changes in the CsS hydration. Here, acceleration/retardation are related to
time (when the main heat flow curve shifts left or right). At the same time,
enhancement/suppression are related to the height/intensity of the main heat flow peak (when

the main heat flow peak increases or decreases).

The initial C3S dissolution is retarded (i.e., the main heat flow peak is delayed) in the presence
of gypsum, prolonging the induction period -the period where the initial rapid rate of hydration
decreases within the first few minutes and remains at a low rate until the nucleation and growth
period [16]. According to Nicoleau et al. [3] and Juilland et al. [4], this behavior occurs due to
electrostatic interactions between the sulfate ions and the C3S surface. The authors postulated
that neutral CaSOY species are formed at the surface, reducing the charge screening created by

calcium cations and resulting in a more negative surface charge, slowing the C3S dissolution
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rate. However, after the induction period, during the nucleation and growth period — the period
in which the hydration rate increases again [16]-, the presence of calcium sulfate enhances the
CsS hydration rate, resulting in higher main heat flow peaks [2,5-12].

Some authors [6-8] state that this enhancement is due to ettringite- [Cas;Al(OH), - 12H,0], -
(504)5 - 2H,0 -formation (Egs. 4.1-4.3 [17]), which occurs when C3A is presented or when the
C3S contains aluminum (such as Al-doped laboratory prepared CsS and alite of industrial
clinker-which typically contains 1.0 wt.% of Al.Oz [14]). According to Quennoz and Scrivener
[6], the ettringite formation decreases the aluminum concentration on the solution, which is
known to retard the Al-CsS/alite hydration [3,18,19], and therefore increasing the hydration
rate. Bergold et al. [8] suggested that the enhancement on alite hydration (by the inclusion of
gypsum) is due to the seeding effect of very fine (nano-)ettringite, which might provide a

suitable surface for heterogeneous nucleation of C-S-H and thus to a faster dissolution of alite.

AlO3 + 20H™ + 2H,0 = [Al(OH)4]3~ (4.1)
2[AL(OH) (3™ + 6Ca?* + 24H,0 = {Cas[Al(OH)g], - 24H,0}* (4.2)
{Cas[AL(OH) 4], - 24H,035% + 3502~ + 2H,0 (4.3)

= {Cay[AL(OH) 4], - 24H,0} - [3502~ - 2H,0]

However, other authors report that gypsum also enhances the aluminum-free C3S hydration [9—
12], where no ettringite formation is observed. These hypotheses would not be enough to
explain the effect of gypsum on CsS hydration without consensus on the mechanism by which
calcium sulfate enhances the C3S hydration and whether aluminum ions have any influence or

not. Therefore, the reason for that is not yet clearly understood.

The presence of gypsum also changes the C-S-H morphology [2,7,20,21]. According to Mota
etal. [7], a cloud of sulfate ions is physically adsorbed in the positively charged C-S-H surface,
which results in the electrical repulsion of C-S-H needles. This leads to a more divergent needle

structure instead of the convergent morphology formed in C3S pastes without sulfates.

In summary, there is no consensus on the mechanism by which calcium sulfate enhances the
CsS/alite hydration and whether aluminum ions have any influence or not. Therefore, this study
aims to verify if the aluminum presented in aluminum-doped CsS plays a crucial role in

enhancing C3S hydration due to gypsum and quantitatively compare the effects of gypsum on
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CsS and Al-CsS hydration. The results obtained here are expected to advance understanding the
mechanism by which gypsum influences CsS hydration and, therefore, in the sulfate

optimization of Portland and blended cements.

In this study, we assessed the hydration of C3S and aluminum-doped CsS (Al-CsS) in the
presence and absence of gypsum. Isothermal calorimetry (IC), thermodynamic modeling, X-
ray diffractometry (XRD), thermogravimetry analysis (TGA), and 2’ Aluminum and 2°Silicon
magic angle spinning nuclear magnetic resonance spectroscopy (Al and ?°Si MAS-NMR)

were performed to follow the C3S and Al-CsS hydration up to 7 days of curing.

4.2 MATERIALS AND METHODS

4.2.1 Materials
Powder samples of C3S and aluminum-doped C3S (AI-C3S) were obtained from Mineral

Research Processing (M.R.PRO, France). Both phases were synthesized in a laboratory by
heating at 1450 °C, a stoichiometric mixture of reagent grade CaCO3 and SiO,. Approximately
0.8 wt.% of Al.O3 was used in the synthesis of AI-CsS. In order to stabilize the intended
polymorphs, ~0.5 and 1.0 wt.% of MgO were added to synthesize CsS and Al-CsS, respectively.
Besides, high purity natural gypsum (> 96 wt.%) was used.

The samples were characterized by X-ray diffractometry (XRD), using an X Pert MPD PRO
diffractometer from PANalytical (Almelo, Netherlands). Monochromatic Cu-Kas radiation, A
= 1.54059 A obtained by a Ge (111) monochromator and an X’Celerator detector were used.
The X-ray tube operated at 45 kV and 40 mA, and the samples were measured between 5° to
70° (20) with a step size of 0.016°, using a spinning sample-holder (16 rpm) to enhance particle
statistics. The crystalline phases were identified using the X’Pert Highscore software
(PANalytical) and quantified by the Rietveld method using the GSAS |1 software. The fitting
process was adjusted to obtain an Rwp lower than 12% and a goodness-of-fit (GOF) lower than
5.

Figure 4.1 presents the X-ray patterns for the anhydrous materials. The C3S sample presented
95.7 wt.% of triclinic CsS (T1, CasSiOs, Inorganic Crystal Database - ICSD# 4331), 1.5 wt.%
of magnesite (MgCOs, ICSD# 40117), 1.5 wt.% of calcite (CaCOs3, ICSD# 73446), and 1.3
wt.% of portlandite (Ca(OH),, ICSD# 202220) (final agreement factor Rwp of 10.7% and GOF
of 3.8 were obtained). The Al-CsS consist of 98.7 wt.% of monoclinic C3S (M1, CasSiOs, de
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Noirfontaine et al. [22]), 0.9 wt.% of magnesite (MgCOs, ICSD# 40117), 0.4 wt.% of calcite
(CaCOs, ICSD# 73446) and 0.1 wt.% of portlandite (Ca(OH)2, ICSD# 202220) (final
agreement factor Rwp of 11.4% and GOF of 4.1 were obtained). The natural gypsum contains
96.1 wt.% of gypsum (CaS0O4-2H20, ICSD# 151692), 3.4% of dolomite (CaMg(CO3)., ICSD#
66333), and 0.5% of quartz (SiO., ICSD# 200721) (final agreement factor Rwe of 11.7% and
GOF of 3.1).

C,S

Al-C,S

J u N L}_A . Gypsum
T T T T

10 20 30 40 50 60 70
2 Theta (degrees) [CuKa]

Figure 4.17 — X-ray diffractograms for the anhydrous materials. Symbols indicate the main reflections of the
minor phases. Triangle: Portlandite; Rhombus: Calcite; Star: Quartz; Circle: Dolomite. Note that in some cases —
such as calcite — the peaks overlap with the peak of the main phases.

The raw materials’ BET surface area was obtained using an ASAP 2420 equipment from
Micromeritics (Georgia, USA), according to the guidelines presented in Palacios et al. [23].
The particle size distribution was determined by laser diffraction, using PSA 1090 equipment
from Anton Paar (Graz, Austria), isopropanol as the dispersant, and considering Mie theory

[23]. Finally, the raw materials’ density was determined through gas helium pycnometry, using
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an AccuPyc Il 1340 pycnometer from Micromeritics (Georgia, USA). The physical
characterization results are presented in Table 4.1, and Figure 4.2 shows the particle size
distribution of the raw materials. The Al-CsS has a larger particle size and a slightly lower BET

surface area (5.3% lower than CsS).

Table 4.5 — Physical characterization of the raw materials.

Property CsS Al-CsS Gypsum
BET surface area* (m?/g) 1.14 1.08 1.33
D, 90 (um) 16.9 32.4 51.8
D, 50 (um) 6.7 11.6 16.9
D, 10 (um) 15 1.7 3.6
Density (kg/m?3) 3130 3150 2350

*Brunauer-Emmett-Teller theory surface area

Volume (%)

0 - LB B s .'- T T T T T T T T T
0.1 1 10 100

Particle size (um)

Figure 4.18 — Particle size distribution of the raw materials.

The raw materials’ chemical composition was determined by X-ray fluorescence (XRF), using
an ADVANT’XP+ spectrometer from Thermo Fisher Scientific (Waltham, USA). In terms of
oxides, the chemical composition of CsS, Al-C3S, and gypsum is shown in Table 4.2.
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Table 4.6 — Chemical composition, obtained by XRF, of the raw materials expressed as a weight percentage of

oxides.

Constituent CsS Al-CsS Gypsum
CaOo 72.8 72.9 32.7
SiO, 25.3 25.5 0.9
Al20s - 0.8 0.1
MgO 1.0 0.5 0.8
SO3 - - 44.3
*LOlI 0.9 0.3 21.2

*Loss on ignition (LOI) at 1000 °C.

4.2.2 Methods

4.2.2.1 Formulations and paste preparation

Table 4.3 shows the different formulations studied. Mixtures containing 0.00 wt.%, 2.50 wt.%,
and 5.00 wt.% of gypsum (in relation to CsS wt.%) with both tricalcium silicates were analyzed.
The water/solid ratio was adjusted to 0.50. Table 4.3 also presents the tests conducted for each
formulation: isothermal calorimetry (IC), thermogravimetric analysis (TGA), X-ray diffraction

(XRD), and ?’Al and 2°Si nuclear magnetic resonance (*’Al and 2°Si MAS-NMR), which will
be described in Section 4.2.2.2.

Table 4.7 — Formulations studied.

Mixture (V\S:tsos/o ) (?\XESOZT Test conducted
CsS 100.00 0.00 IC, TGA, XRD, #Si NMR
C3S_2.5%G 97.56 244 IC, TGA, XRD, #Si NMR
C3S_5.0%G 95.24 4.76 IC
Al-CsS 100.00 0.00 IC, TGA, XRD, %°Si NMR, 2’ Al NMR
Al-C3S _2.5%G 97.56 244 IC, TGA, XRD, #°Si NMR, ?Al NMR
Al-C3S _5.0%G 95.24 4.76 IC

The anhydrous materials (CsS in the absence and the presence of gypsum) were manually mixed
in an agate mortar for 10 minutes.
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For the calorimetry analysis, 8 g of anhydrous materials were manually mixed with 4 g of
distilled water for 1 min. Then, the paste was mixed in a vortex mixer for 1 extra min. Finally,
~ 6 g of paste were placed in a 20 mL glass ampoule used for the calorimetry analysis (see
section 4.2.2.2).

For the TGA, XRD, and ?’Al and Si MAS-NMR analysis, cylindrical specimens were molded
using a hermetically closed PTFE cylindric recipient (as shown in Figure 4.3) that has eight
cylinders (10 mm diameter). For this, 10 g of anhydrous materials were mixed with 5 g of
distilled water in a vertical mixer (IKA model RW 20 digital). The pastes were mechanically
mixed during 180 s at 800 rpm, where 30 s of stabilization time was performed. Our lab’s
previous results showed a good correlation between this procedure and the procedure adopted

for the calorimetry analysis.

The PTFE recipient was sealed and kept rotating at 15 rpm in a benchtop roller (Wheaton) for
the first 10 h to obtain homogeneous samples [24]. Then, one cylinder of each sample was
demolded, and the hydration was stopped. The PTFE recipient was sealed again and kept
rotating at 15 rpm for 14 h more (totaling 24 h). After this initial period, the pastes were not
hard enough to demold. Thus, the device was introduced in a humidity chamber at 99% RH at
20 £ 1 °C. After each curing time (1, 3, and 7 days), one cylinder was demolded, and the
hydration was stopped.

C3S pastes

Open Closed

Figure 4.19 — PTFE cylinder shape recipient to prepare the C3S pastes. Adapted from Garcia-Maté et al. [24]

At 10 h, 1, 3, and 7 days, one fraction of the pastes was milled to a fine powder in an agate
mortar, and the hydration was stopped by solvent exchange with isopropanol and ether
according to the procedure described by Garcia-Maté et al. [24]. The stopping procedure

consisted of filtration in a Whatman system (90 mm diameter Whatman filter with a pore size
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of 2.5 um and Teflon support) with isopropanol (VWR Chemicals) twice and finally with
diethyl ether (Prolabo S.A.). Then, thermogravimetric analysis (TGA) and X-ray diffraction
(XRD) were performed in these pastes. 2’Al and 2°Si MAS-NMR of the pastes at 7 days were

also assessed on them.

4.2.2.2 Tests conducted

The isothermal calorimetric study was performed in an eight-channel Thermal Activity Monitor
of Tam Aiir, TA Instruments (New Castle, DE, USA) using glass ampoules of 20 mL. Distilled
water was used as reference material. The amount of water used as reference was calculated
according to Wadso6 [25] to obtain the same heat capacity of the CsS paste. The heat flow
(thermal power, mW/g of solids) and the cumulative heat (integral of thermal power, J/g of
solids) were collected for up to 3 days at 20 °C. Only the heat released after the first 45 minutes
was considered for the cumulative heat, as the first peak has low reproducibility. These first 45
minutes were used as a stabilization period after the disturbance in calorimeter temperature after

introducing the reference and the sample.

TGA measurement of CsS pastes was done in an SDT-Q600 analyzer from TA Instruments
(New Castle, DE, USA). The temperature varied from room temperature (RT) to 1000 °C at a
heating rate of 10 °C/min. The samples were placed in open platinum crucibles under airflow.
From the TGA results, the bound water and the portlandite content were determined. After
stopping hydration, the bound water of the pastes was assigned to be the weighed loss from RT
to 550°C. Due to this, the actual bounded water has to be calculated by Eqg. 4.4 and the free
water by Eq. 4.5 [26]:

BW -CM

BW = ATD (4.4)
100 — BWarp

FW = TW — BW (4.5)

Where BW corresponds to actual chemically bound water content, BWaTp is the loss of mass
measured up to 550 °C from TGA curves, and CM is the cement content, and TW is the total

water content added (all the numbers in weight percentage).
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The portlandite content was obtained by Eq. 4.6 [27].

Mca(oH), (4.6)

Ca(OH)Z,measured = WLCa(OH)z ) My, o
2

where WLc,com), IS the weight loss due to the decomposition of crystalline portlandite obtained

by the integration of DTG peak located in the temperature range from ~450 and ~550 °C, using

the tangential method [27], the mc,(on), is the molecular mass of portlandite (74 g/mol) and

my, o is the molecular mass of water (18 g/mol).

For the XRD analysis, the C3S pastes, after the hydration stoppage, were manually ground and
mixed with 20 wt.% of crystalline quartz (99.5%, AlfaAesar) used as an internal standard in an
agate mortar for 10 minutes. The XRD with internal standard data was collected on a D8
ADVANCE diffractometer from Bruker AXS (Massachusetts, USA) equipped with a
Molybdenum X-ray tube and a Johansson Ge (111) monochromator, using strictly
monochromatic Mo-Kay radiation, L = 0.7093 A, in transmission geometry (6/0). The X-ray
tube operated at 50 kV and 50 mA, and the data were collected between 2.5 and 35° (26) with
a step size of 0.01° and 2.5 s/step. A spinning sample-holder (10 rpm) was used to enhance

particle statistics.

The crystalline phases were identified using the X’Pert High Score software (PANalytical).
Rietveld analysis was performed using GSAS 11 software, with the cif files of the Inorganic
Crystal Structures Database (ICSD). The structural models used for the Rietveld analysis are
shown in Table 4.4. The phase fractions, background coefficients, zero-shift error, and cell
parameters were refined. The peak shapes were fitted by using a pseudo-Voigt function. The
preferred orientation coefficient of CsS T1, C3S M1, and portlandite was refined by the March-
Dollase ratio. Finally, the non-crystalline content (amorphous and nanocrystalline) was
determined by the internal standard method [28]. The degree of hydration (DoHxrp) of C3S was
calculated from the XRD results according to Eq. 4.7.

4.7)

where DoHc, s (1) is the degree of hydration of CsS at a specific time (t), Wc,s; is the amount
of CsS in the anhydrous mixture obtained by XRD-Rietveld, W, is the amount of CsS in the
paste at a specific time (t) obtained by XRD-Rietveld.
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As the total mass of solids increases with the progress of the C3S hydration, as free water is
bound into hydration products, phase contents determined by XRD-Rietveld and the portlandite
content obtained by TGA need to be normalized. For this purpose, Eq. 4.8 was used to
normalize the contents obtained per 100 g of paste [26]

(100 — FW) (4.8)
ij,rescaled = Wi,measured ’ T

Where W rescalea 1S the weight of phase per 100 g of paste, W; measureq 1S the phase content
obtained by TGA or XRD-Rietveld, and FW is the free water content determined by TGA
according to Eq. 4.5.

Table 4.8 — Structural models used for the Rietveld analysis of C3sS and Al-C3S pastes.

Phase ICSD code References
CsS triclinic (T1) 4331 Golovastikov et al. [29]
CsS monoclinic (M1) - de Noirfontaine et al. [22]
Lime 52783 Smith and Leider [30]
Gypsum 151692 De la Torre et al. [31]
Quartz 200721 Jorgensen [32]
Ettringite 155395 Goetz-Neunhoeffer and Neubauer [33]
Portlandite 15471 Petch [34]
Calcite 79673 Wartchow [35]

Solid-state single pulse 2’ Aluminum and 2°Si magic angle spinning nuclear magnetic resonance
spectroscopy (2’Al MAS-NMR and #Si MAS-NMR) of the pastes, at 7 days, were performed
in an AVANCEII HD 600 spectrometer from Bruker AXS. A MAS probe of 2.5 mm was used
at a spinning rate of 15 kHz. The magnetic field was 14.1 T for the 2’Al MAS-NMR, which
corresponds to a 2’Al resonance frequency of 156.37 MHz. 2’Al MAS NMR spectra were
collected with a 1 ps (corresponding to n/2 flip angle) excitation pulse with *H decoupling and
summing up 200 scans. The 2°Si MAS-NMR spectra were recorded at 79.49 MHz and were
collected with a 6 ps (corresponding to n/2 flip angle) excitation pulse with *H decoupling and

summing up 800 scans.
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29Si MAS-NMR and ?’Al MAS-NMR results were normalized for 0 to 1 (O corresponding to
the minimum value and 1 the maximum value obtained), and then peak deconvolutions were
computed using Excel software. The 2°Si MAS-NMR, distinct peaks centered in different Si
sites, denoted as Q°, Q*, Q%(1Al), and Q? were fitted varying their intensity and width, assuming
Gaussian line-shaped. The DoHnwmr 0f C3S was obtained through Eq. 4.9 [36]. The mean silicate
chain length (MCL)-which stands for the average polymerization degree of silicate chains in
C-S-H and the fraction of tetrahedrally coordinated Al in the C-S-H phase (molar Al(IV)/Si
ratio) were calculated using Eqgs. 4.10 and 4.11 [36].

DOHNMR = 1 - QO (49)
Tt nza3.n2
el 2-[Q" + 0% +3-0*(141) @.10)
Ql
Q*(1Al)

(4.11)

Al(IV)/Si = 2-[01+ Q2% + Q2(1AD)]

The quantitative analyses of 2’ Al MAS-NMR are less straightforward than 2°Si MAS-NMR, as
there are non-symmetric line shapes caused by a second-order quadrupolar broadening of the
central transition for the 2’Al quadrupole. However, the octahedral Al sites of ettringite,
monosulfoaluminates-type phases (AFm), and the so-called third aluminate hydrate (TAH) —
from octahedral Al sites associated with C-(A)-S-H phase, have small 2’ Al quadrupole coupling
those results in Gaussian-like line shapes for the center band at 14.1 T. The ettringite, AFm,
and TAH contents were estimated by dividing the areas of their respective gaussian peaks by

the spectrum’s total area.

4.2.2.3 Thermodynamic modeling

Thermodynamic modeling of CsS and Al-CsS pastes with different amounts of gypsum was
carried out using the CemGEMS web application [37], coupled with the CEMDATA18
database [38]. For this, the chemical characterization of CsS, Al-CsS, and gypsum was used as
input data. A four-parameter logistic (4PL) fit (Eq. 4.12) [37,39] of the Degree of Hydration
(DoH) of C3S obtained by XRD was used to describe the DoH of CsS over time. All fits have
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good correlations (with an R? between 0.97 and 0.98), as presented in the supplementary data
(Figure B1). For the pastes with 5 wt.% of gypsum, the fits of the corresponding pastes with
2.5 wt.% of gypsum were used for the thermodynamic modeling due to the lack of the DoH
obtained by XRD for these pastes. This seems plausible as the CsS in the pastes with 5 wt.% of
gypsum presents a very similar DoH of the C3S compared to the pastes with 2.5 wt.% of
gypsum, as observed by isothermal calorimetry (see Section 4.3.1). The phase assemblage (in
mass, g/100g of paste), the pore solution composition (in mM), and the ionic strength (in molal)

of the pore solution were analyzed by thermodynamic modeling.

(a—d) (4.12)

DoH¢,s = d+ Tt/)b
Cc

where t is the hydration time in days, a is the asymptote minimum DoH value (considered here
equal to 0%), d is the asymptote maximum DoH value (considered here equal to 97%), b is the

maximum steepness, and c is the time position of the inflection point [37].

4.3 RESULTS

4.3.1 Isothermal calorimetry (IC) study
Figures 4.4 A and B show the heat flow and cumulative heat curves of CsS and Al-CsS pastes,

respectively, without gypsum, and the systems with 2.5 wt.% and 5.0 wt.% of gypsum (in
relation to CsS wt.%) during the first 72 hours of hydration. Table 4.5 presents the main

parameters obtained from the heat flow and cumulative heat curves.
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Figure 4.20 — Heat flow curves (solid lines and primary/left “y” axis) and cumulative heat curves (dashed lines
and secondary/right “y” axis) of the (A) C3S and (B) Al-CsS pastes with different amounts of gypsum during the
first 72 hours of hydration.
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Table 4.9 — Parameters determined from the calorimetry results.

Parameter CaS CsS 25G  C3S 50G  Al-CsS  Al-CiS_25G  Al-CiS_5.0G

Induction period length 40.3 165.8 174.4 81.7 137.9 1465
(min)*

Heat flow rate at the
acceleration period 0.89 1.01 1.13 0.29 0.64 0.65
(mW/g of CsS - h)*

Maximum heat flow of
the main hydration peak 4,57 6.03 5.97 2.76 4.23 4.21
(mW/g of C3S)

Heat of hydrationat24h o0 o5 222.90 223.16 129.79 158.77 157.21
(J/g of C3S)

Heat of hydration at48h ) o, 281.87 287.61 171.10 198.15 201.68
(J/g of CsS)

Heatof hydration at72h 54073 31235 32021 19316 219.69 227.15
(J/g of CsS)

* calculated as indicated in Figure B2;

Comparing both CsS pastes without gypsum, the AI-CsS paste presents a more extended
induction period (103% longer) and a broader and lower hydration peak (40% lower), with a
lower hydration rate at the acceleration period (67% lower). Besides, the cumulative heat
released by the Al-CsS paste during the first 72 hours of hydration is lower than the heat released
by the C3S paste (22%, 19%, and 20% lower at 24 h, 48 h, and 72 h, respectively). These results
indicate that the AI-C3S has a lower hydration rate when compared to the C3S, which agrees
with the results obtained by Stephan et al. [40], Begarin et al. [41], and Wagner et al. [42].
Moreover, these results were also expected since the particle size of Al-C3S was coarser than
the CsS without Al doping. To decouple the role of aluminum, the heat flow and cumulative
heat curves were also normalized by the specific surface area (SSA) of CsS and Al-CsS, as
shown in the supplementary information (Figure B3). The difference between the samples
reduced, but the AI-C3S pastes still present lower hydration peak (36% lower) and lower heat
release (17%, 15%, and 15% lower at 24 h, 48 h, and 72 h, respectively), and therefore still

exhibits a lower hydration rate than CsS.

The effect of gypsum on hydration was similar for both samples. The addition of 2.5 wt.% of
gypsum prolonged the induction period (311% and 69% longer for the CsS and Al-CsS pastes,
respectively) but increased the hydration rate at the acceleration period (increases of 13% and

121% for the CsS and Al-CsS pastes, respectively) and the main hydration peak (increases of
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32% and 53% for the CsS and Al-CsS pastes, respectively). Thus, the cumulative heat released
for the C3S pastes without gypsum was higher than the C3S pastes with gypsum until ~ 12 hours
but lower afterward (34%, 33%, and 30% lower at 24 h, 48 h, and 72 h, respectively). The Al-
CsS pastes without gypsum presented a similar cumulative heat until ~ 7 hours, but lower after
this period than the Al-CsS pastes with gypsum (22%, 16%, and 14% lower at 24 h, 48 h, and
72 h, respectively). This indicates that gypsum retard the initial hydration of CsS (induction

period) but enhances afterward, which agrees with several previous studies [2,6,7,9,11].

The increase in the gypsum content added to 5.0 wt.% slightly prolonged the induction period
(5% and 6% longer than the C3S_2.5G and Al-C3S_2.5G pastes, respectively) and slightly
decreased the main CsS hydration peak (decrease of 1% for the C3S_5.0G and Al-C3S_5.0G
pastes). This indicates that further increases in the gypsum content will not increase more the

CsS hydration rate. Similar behaviors were observed in previous studies [5,9,10].

With the inclusion of gypsum on the C3S pastes, the amount of C3S present in the mixture
decreases, and therefore, the heat released by CsS dissolution and C-S-H and portlandite
precipitation decrease. Thus, the heat flow and cumulative curves were normalized per gram of
CsS. The heat released by gypsum dissolution in the C3S and Al-CsS pastes with gypsum, and
the heat released by ettringite formation in the AI-C3S_2.5G and AI-C3S_5.0G pastes,
contributes to the increase in the heat release with gypsum addition. However, due to the low
amount of gypsum dissolved and ettringite formed (see Sections 4.3.2 and 4.3.3 for more

details), this cannot account for the great increases in the heat released observed.

4.3.2 Thermodynamic Analysis
Figure 4.5 presents the phase assemblage (in g/100g) of the CsS and AI-CsS pastes with

different amounts of gypsum (0, 2.5, and 5.0 wt.% in relation to C3S wt.%) obtained by
thermodynamic modeling. The addition of gypsum is not expected to result in any different
hydrated phases in CsS pastes. However, in Al-CsS, gypsum addition led to the formation of
ettringite instead of monocarboaluminate (MC, CO2-AFm) and hydrotalcite (HT,
MgsAl>CO3(0OH)16-4H20), as expected. For the Al-CsS_2.5G, gypsum depletion is predicted to
happen at ~ 280 hours of hydration, leading to the formation of hydrotalcite. In turn, for the Al-
C3S_5.0G, the gypsum depletion is not expected to happen up to 10000 hours of hydration.
Finally, in Al-CsS pastes, the addition of gypsum results in a decrease of portlandite (4% and

8% of reduction at 10000 hours for the pastes with 2.5 and 5.0 wt.% of gypsum, respectively).
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This occurs as calcium ions are consumed for the ettringite formation. For the CsS pastes, this

does not occur as the addition of gypsum does not result in ettringite formation.
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Figure 4.21 — Phase assemblage (in g/100 g of paste) of the C3S and Al-C3S pastes with different amounts of
gypsum as predicted by cemGEMS. Where CH is Portlandite, Cc is calcium carbonate, MH is magnesium
hydroxide (brucite), and HT is hydrotalcite.
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The pore solution compositions of the C3S and Al-C3S pastes with different gypsum amounts,
obtained by thermodynamic modeling, are shown in the supplementary information (Figure
B4). For all pastes, the concentrations of the ions are not expected to change with the progress
of the hydration, except for the Al-CsS_2.5G, which shows a decrease in Ca (from 32.9 to 21.3
mM), S (from 12.8 to 0.4 mM), and Mg (from 0.14 uM to 0.11 uM) concentrations at ~ 280

hours (when occurs gypsum depletion), leading to the formation of hydrotalcite.

The addition of 2.5 wt.% gypsum in both CsS and Al-CsS resulted in an S concentration of 12.8
mM and increased the Ca concentration from 21.0 to 32.9 mM (an increase of 56.7%). Further
additions of gypsum (i.e., for the pastes with 5.0 wt.% of gypsum) did not result in any change
of the composition of the pore solutions of the CsS pastes in the first 20000 hours of hydration,
as this further amount of gypsum is expected not to dissolve. In turn, for the Al-C3S paste, the
further addition of gypsum also did not change the initial composition of the pore solution but
prevented gypsum depletion (which is expected to occur around 280 hours for the Al-C3S_2.5G
paste). Therefore, the pore solution composition of the Al-C3S_5.0G pastes is expected to

remain constant up to 10000 hours of hydration.

As shown by the thermodynamic modeling, the concentration of Al in the pore solution reduces
from 0.005 mM in Al-C3S pastes to 0 mM in Al-C3S_2.5G and AI-C3S_5G pastes. This result
means that all the aluminum coming from the dissolution of AI-CsS is expected to be

immediately consumed by the ettringite formation in the pastes with gypsum.

The ionic strength of the pore solution of the pastes was calculated using cemGEMS. During
the first 48 h, the average ionic strength of the pore solution of C3S and Al-CsS pastes are very
similar (0.055 molal). The addition of 2.5% of gypsum is predicted to increase the ionic of both
CsS and Al-CsS up to 0.083 molal (an increase of 51%). Further additions of gypsum are not
expected to increase more the ionic strength, and the C3S_5.0G and Al-C3S_5.0G presented the
same ionic strength as the pastes with 2.5% of gypsum (0.083 molal).

The increase in the ionic strength due to the addition of gypsum occurs due to the release of
SO4? ions into the pore solution, which is a divalent ion and greatly contributes to the increase
of the ionic strength. The increase of the amount of gypsum added (from 2.5 to 5.0 wt.%) did
not result in further increases, as the additional amount of gypsum is not expected to dissolve,
and therefore the S concentration into the pore solution remains the same during the first days

of hydration, as discussed before.
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4.3.3 X-ray diffraction (XRD)
Figures 4.6 A-D present the normalized results of crystalline and non-crystalline phases

quantification by the Rietveld method over time. Tables B1-B4 gives the normalized phase
assemblage with time for the samples without and with 2.5 wt.% of gypsum. All Rietveld
quantifications presented an Rwp lower than 12.0 and GOF lower than 5, indicating good
refinements. Figures B5 and B6 in the supplementary information show as a representative
example the Rietveld plots of C3S_2.5G and AI-C3S_2,5G at 1 day Figure 4.7 presents the
degree of hydration of C3S (DoHxrp) over the first 7 days, determined from the XRD-Rietveld

results.
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Figure 4.22 — Crystalline and non-crystalline phases content (g/100 g of paste) obtained by XRD-Rietveld: (A)
CsS; (B) C3S_2.5%G; (C) Al-CsS; (D) Al-C3S_2.5%G.
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Figure 4.23 — Degree of hydration of C3S (%) obtained by XRD-Rietveld.

As expected, the anhydrous phases (CsS T1, C3S M1, magnesite, and gypsum) were still
remaining samples in all pastes and times of hydration. Concerning the hydration products,
portlandite was identified for all pastes. In contrast, ettringite (2.3 wt.% at 7 d) was only
identified for Al-C3S_2.5%G paste, as this mixture was the only one with aluminum (from Al-
CsS) and sulfate (from gypsum). Calcite was presented for all hydrated pastes as C3S and Al-
CsS have 1.5 wt.% and 0.4 wt.% of calcite. Calcite content increased as a function of the time
for all the samples due to slight carbonation effect of samples due to reactions with the
atmospheric CO2 during sample preparation and the tests. The non-crystalline phases of all

pastes are mainly related to C-S-H [43].

Comparing CsS and Al-CsS pastes without gypsum, the dissolution of anhydrous phases and
formation of hydration products are faster in the aluminum-free paste. At 3 and 7 d, the DoHxrp
of C3S is 51.5% and 66.0% for the C3S paste and 42.7% and 52.1% for the Al-C3S paste,
respectively. The amount of portlandite formed follows the same tendency, and the CsS pastes
present 14.7 wt.% and 19.2 wt.% while the Al-CsS shows 13.2 wt.% and 16.6 wt.% of
portlandite at 3 and 7 d, respectively. This behavior is coherent with the calorimetry results,
indicating that the C3S reacts faster than the Al-CsS.
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The addition of gypsum in the CsS (T1) pastes did not affect the crystalline hydration products
coming from CsS, but it changed the dissolution rate of anhydrous phases and the rate of
formation of portlandite and non-crystalline phases. On the one hand, at 10 h, the gypsum
addition slightly decreased the DoHxrp of C3S (which was 10.5% for the CsS paste and 9.0%
for the C3S_2.5G paste) and decreased the portlandite content formed by 36.8%. On the other
hand, at 1, 3, and 7 d, the presence of sulfate increased the DoHxrp of C3S by 27.6%, 28.7%,
and 20.0%, and increased the portlandite content by 4.8%, 14.1%, and 12.6%, respectively.
These results indicate that the addition of gypsum in the C3S (T1) pastes retards the initial C3sS
hydration (until ~ 10 h) but enhances afterward, as also observed by calorimetry.

For the Al-CsS (M1) pastes, the delay in the dissolution of C3S at 10 h, due to gypsum addition,
was not observed. On the contrary, the DoHxrp 0f Al-CsS increases 61.9%, 17.5%, 1.9%, and
6.2% at 10 h, 1, 3, and 7 d, respectively. This was expected as the gypsum enhanced the Al-
CsS hydration rate after ~ 7 hours, as observed by IC. On the other hand, the portlandite content
at 3 and 7 d was reduced by 6.6% and 9.2%. This agreed with thermodynamic modeling (See
Section 4.3.2) and was also observed by He et al. [44] and is probably related to the

consumption of calcium ions to ettringite formation.

4.3.4 Thermal analysis (TG/DTG)
Figures 4.8 A-D shows the DTG curves of the CsS and Al-C3S pastes, without and with 2.5

wt.% of gypsum, at 10 h, 1, 3, and 7 d. One peak between 400 and 500 °C, corresponding to
the decomposition of portlandite [27], and one peak between 600 and 700 °C, related to the
decomposition of calcium carbonates [27], were observed for all pastes, which corroborates
with the XRD results. Furthermore, all samples also presented a peak of weight loss between
50 and 300 °C, which is related to the decomposition of C-S-H and C-(A)-S-H [27], and a peak
between 800 and 900 °C that corresponds to the transformation of C-S-H in wollastonite
(CaSi03) [27]. Finally, as also observed by XRD, the sample Al-C3S_2.5%G was the only one
that presented the signal due to the loss of water of ettringite, which is associated with a signal
around 100 °C [27]. Regarding the samples with gypsum, a peak around 130°C is observed in
CsS_2.5G, while it is not observed in Al-C3S_2.5G, indicating that gypsum dissolution is faster

in the latter, which is expected due to the consumption of sulfate ions to ettringite formation.

With the increase of the hydration time, the peaks related to the hydrated phases’ decomposition
increased, indicating a higher amount of hydration products and a higher degree of hydration.
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Figure 4.24 — DTG of: (A) CsS; (B) CsS_2.5%G; (C) Al-CsS; (D) Al-CsS_2.5%G pastes.

From the TGA results, the bound water content was calculated and is presented in Figure 4.9.
The bound water content indicates the DoH and has an excellent linear correlation (R? = 0.99)
with the IC’s cumulative heat, as presented in Figure 4.10. As observed for the cumulative heat,
in the gypsum-free pastes, the CsS paste has a higher DoH when compared to the Al-C3S one,
resulting in higher bound water content for all ages evaluated. Furthermore, for both C3S and
Al-C3S, gypsum’s addition increased the bound water content, indicating higher C3S hydration,
as also observed by IC and XRD.
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Figure 4.25 — Bound water content (wt.%) of the various pastes evaluated, obtained by TGA.

José da Silva Andrade Neto (josedasilvaandraneto@gmail.com). Porto Alegre: UFRGS/EE/PPGCI, 2021



58

350
B 300 | |MOS o
o #C,S_2.5%G -
‘5 250 | |@AIC,S e
o e
= _ 0, “
2 200 | [AAIC.S_25%G P y = 19.745x- 10.033
5 1 R = 0.987
2 150 e
2 P
£ 100 i
3 -~
E 50 o
Q

0

0 5 10 15 20

Bound water (%)

Figure 4.26 — Correlation between the cumulative heat obtained in the IC and the bond water (wt.%) determined
by TGA at 10 h, 1 and 3 days.

The portlandite content was also determined from the TGA results, and the results are shown
in Figure 4.11. As shown in Figure 4.12, the portlandite content determined by TGA has an

excellent correlation (R? = 0.97) with the content obtained by XRD-Rietveld, as expected.

The CsS pastes have a higher portlandite content for all ages tested compared to the Al-CsS
pastes. This results from the higher hydration degree, as observed by IC, XRD, and the bound
water content.

The addition of gypsum in the CsS paste decreased the portlandite content at 10 h but increased
after 1 d. These data agree with the IC and XRD results, which indicate that the gypsum retards
the initial CsS hydration (until ~ 12 h) but enhances after that. On the other hand, the gypsum
slightly decreased the portlandite content of the AI-CsS paste. As mentioned before, in item

4.3.2, this results from the consumption of calcium ions during the ettringite formation.
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Figure 4.27 — Portlandite content (wt.%) of the various pastes evaluated, obtained by TGA.
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and 7 days.

4.35

29Si and 2’Al Nuclear Magnetic Resonance (?°Si and ?’Al MAS-NMR)

Figure 4.13 presents the 2°Si MAS-NMR spectra of the CsS and AI-CsS pastes at 7 days of
hydration with peak deconvolution. In the region of Q°, five resonances at -68.4, -69.5, -71.6,

-73.0, and -74.5 ppm are observed for all samples evaluated. This region corresponds to the
anhydrous CsS and Al-CsS remaining in the first 7 d of hydration [45,46].
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For all samples, two resonances at -76.9 and -79.1 ppm-in the Q! region-, and three resonances
at -82.0, -84.1, and -85.5 ppm-in the Q? region- are observed. These resonances are related to
the C-S-H type phases. The resonances at the Q! region correspond to the silica present at the
end of the “dreierketten” chain of C-S-H. The resonances at the Q? region correspond to the
silica within the “dreierketten” chain as bridging (Q?)-at -82.0 ppm- and as pairing (Q?%)- at
-84.1 and -85.5 ppm [46,47].

For the AI-C3S and AI-C3S_2.5G pastes, a resonance at -81.3 ppm that corresponds to the
Q?(1Al) is also observed. This is evidence of the incorporation of aluminum into C-S-H and
corresponds to a pairing silica tetrahedron neighboring aluminum in the bridging position
[46,47].

Table 4.6 presents the average chain length of aluminosilicate tetrahedra (MCL), the DoHnmR
of CsS, and the molar ratio of tetrahedral Al incorporated in the C-(A)-S-H, obtained from the
deconvolution of peaks of the 2°Si MAS-NMR spectra, according to the procedure described in
Section 4.2.2.2.

All sample’s MCL values were within the usual range of C-(A)-S-H [48]. The Al-C3S paste
presented a higher MCL than the CsS paste, which was not expected, as the Al incorporated in
C-S-H usually increases the MCL [49]. This discrepancy might be the result of the difference
in CsS polymorphism. The gypsum effect in MCL was not straightforward, as it decreased the
MCL in the C3S pastes but increased it in the Al-C3S paste. More investigation on the impact
of sulfates in the C-S-H MCL is needed.

As shown in Table 4.6, the addition of gypsum increased the DoHnmr of C3S by 12.6%, while
did not significantly change the DoHnwmr Of Al-CsS (a slight increase of 0.4%). These results
are very similar to the results of DoHxrp (R? = 0.96) that showed that, at 7 d, gypsum increases
the DoHxrp of C3S by 20.0%, while only increased the DoHxrp of Al-C3S by 6.2%.

The presence of gypsum decreased by 17.3% the AI(IV)/Si molar ratio, see Table 4.6. This was
expected as in the AI-C3S_2.5G paste, a part of the aluminum released with the AI-CsS
dissolution is consumed through the ettringite formation, as observed by XRD and TGA.
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Figure 4.29 — 2Si MAS-NMR spectra of the (A) CsS, (B) C3S_2.5G, (C) AI-CsS, and (D) Al-C3S_2.5G pastes at
7 days.

Figure 4.14 shows the 2’Al MAS-NMR spectra of the Al-C3S and the Al-C3S_2.5G pastes at 7
days. At the spectral region of the octahedrally coordinated aluminum AI(VI), 20 to -10 ppm,
three narrow resonances centered at dobs = 5, 10, and 13 ppm are observed for the Al-C3S_2.5G
paste, which corresponds to the third aluminum hydrate (TAH)-a nanostructured amorphous
aluminum hydroxide or a calcium aluminate hydrate produced in a less ordered form as a
surface precipitate on the C-S-H phase [50]-, OH-AFm, and ettringite, respectively [45,46,51].
For the AI-CsS paste, the resonance corresponding to ettringite is not observed, as this sample
does not have gypsum. For both samples, a broad and low-intensity resonance are observed at
the spectral region of tetrahedrally coordinated aluminum AI(IV), 80 to 50 ppm, which
correspond to the aluminum incorporated in the CsS and/or in C-S-H [45-47,51], not being

possible to differentiate them with the resolution obtained in the present study.

The peaks due to OH-AFm and TAH (in both samples) are slightly broader than ettringite. This
means that the degree of crystallinity of these phases is low, and consequently, they are not
observed in XRD.
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Table 4.6 presents the molar fractions of TAH, AFm, and ettringite phases, obtained by
integrating their respectively corresponding peaks. The formation of ettringite by the addition
of gypsum resulted in a decrease of 58.2% in the AFm molar fraction, as expected, and resulted
in a decrease of 41.1% in the TAH molar fraction. This indicates that when gypsum is present
and the ettringite is formed, less aluminum is incorporated in the C-(A)-S-H -as TAH can be
considered a part of C-S-H [49]- corroborating the 2°Si MAS-NMR results. This result agrees
with previous studies [50,52], which observed that an increase in gypsum content decreases
TAH. This is due to the percentage of the AI** ions released with AI-CsS dissolution forms
ettringite when gypsum is present, decreasing the AI** ions available for the formation of AFm
and TAH.
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Figure 4.30 — Al MAS-NMR spectra of the (A) Al-C3S and (B) Al-C3S_2.5G pastes at 7 days.
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Table 4.10 — Results from spectral analysis of the 2°Si and 2’Al MAS-NMR spectra for the pastes hydrated for

seven days.
2Si MAS-NMR Al MAS-NMR
Sample

MCL DoH (CsS)  Al(IV)/Si AFt AFm TAH

CsS 3.56 70.8%

CsS_2.5G 3.43 79.7%
Al-CsS 3.26 54.3% 0.052 - 12.2% 14.1%
Al-CsS_2.5G 3.31 54.5% 0.043 13.7% 5.1% 8.3%

4.4 DISCUSSION

As observed by IC, XRD, TGA and #Si MAS-NMR, the C3S reacts faster than the Al-CsS,
which was also seen by Quennoz and Scrivener [6], Stephan et al. [40], and Begarin et al. [41].
Several studies also showed that the C3S has a lower hydration rate in aluminum-containing
solutions [3,18,19,53]. However, the reason for that is not straight forward and some hypotheses
found in the literature need to be discussed. According to Garrault et al. [18], Begarin et al.
[41], and Wagner et al. [42], the C-(A)-S-H, formed in the AI-C3S pastes as identified by 2’ Al
MAS-NMR (Figure 4.14), does not grow and is not as good seeding for C-S-H growth as C-S-
H nuclei themselves. Therefore, the uptake of Al by C-S-H would reduce its reactive surface,
leading to a lower hydration rate [42]. However, several other studies [54-56], including some
in blended cements with higher Al uptake by C-S-H, show that C-(A)-S-H has a very similar
morphology to C-S-H. Further research is necessary to verify if the uptake of aluminum by C-
S-H indeed decreases its reactive surface or not. Another hypothesis is that the lower hydration
rate of CsS in Al-containing solution is due to the condensation of aluminum-silicate species at
the C3S surface [3,19].

Despite the initial retard on C3S and Al-C3S dissolution, the presence of gypsum enhanced the
CsS hydration after ~ 12 h and the Al-C3S hydration after ~ 7 h, as observed by increases in
cumulative heat (IC), in the amorphous content (XRD) and water-bound content (TG/DTG), as
well as a decrease in the anhydrous content (XRD) in all the ages evaluated. Similar behaviors

were observed by several authors [5-12]. However, the reason for that is not apparent yet.

José da Silva Andrade Neto (josedasilvaandraneto@gmail.com). Porto Alegre: UFRGS/EE/PPGCI, 2021



64

IC mesurements of mixtures with 5.0 wt.% of gypsum shown similar hydration rate as those
with 2.5 wt.% of gypsum. This indicates that the C3S hydration is enhanced up to a certain
gypsum content, without significant difference in higher contents, besides a slight decrease in
the heat flow due to the lower amount of CsS in the mixture, known as the dilution effect.
Several authors made similar observations [5,9] with aluminum-free C3S and are following the
simulations performed by Gunay et al. [10], which shows that the gypsum increases the C-S-H
growth rate up to plateau value at 1.0 wt.% of gypsum. As observed by IC, the Al-C3S shows
the same behavior, where the Al-C3S_5.0G had a similar hydration rate as the Al-C3S_2.5G,
indicating that the aluminum doping of CsS does not influence the existence of a plateau value
of gypsum concerning the Al-C3S’ hydration rate.

Comparing the effect of gypsum on CsS and AI-C3S hydration, it is possible to note some
differences. The addition of 2.5 wt.% of gypsum prolonged the induction period of CsS
hydration by 125 min (i.e., an increase of 311% on the induction period length). On the other
hand, the retard effect of this 2.5 wt.% of gypsum on AI-CsS was lower, prolonging the
induction period by 56 min (an increase of 69% on the induction period length). However, the
enhancement effect seems to be similar, and the addition of 2.5 wt.% of gypsum resulted in
increases of 1.46 mW/g of CsS and 1.47 mW/g of Al-C3S on the main heat flow peaks of C3S
and Al-CsS hydration, respectively.

The thermodynamic modeling demonstrated that the presence of gypsum in the Al-CsS pastes
reduces the Al concentration of the pore solution from 0.005 to 0 mM, indicating that all the
aluminum released by Al-CsS dissolution is expected to be immediately consumed by ettringite
formation. Thus, as AI** ions in the pore solution retard the CsS hydration, resulting in longer
induction periods, as previously discussed, their removal and, consequently, the absence of this
species on the solution, should accelerate the C3S hydration. This is probably the reason for the
much lower retarding effect on Al-C3S hydration due to gypsum when compared to C3S
hydration: gypsum retards both C3S and Al-CsS hydration, but due to the removal of AI** ions
-accelerating the Al-C3S hydration- the retard effect is lower on Al-CsS hydration. However,
contrary to Quennoz and Scrivener’s [6] conclusions, the removal of AI** ions from the pore
solution does not seem to influence the enhancement of C3S hydration due to gypsum, as the
enhancement effect was very similar (increases of 1.46 mW/g of C3S and 1.47 mW/g of Al-
CsS). Furthermore, this cannot be the only or the main mechanism responsible for the

enhancement of Al-CsS hydration due to gypsum, as gypsum also enhanced the C3S hydration.

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates



65

Zunino and Scrivener [9] suggested a possible explanation for Quennoz and Scrivener [6] not
observing an enhancement effect on pure CsS: the small particle size of the used CsS (resulting
in @ main heat flow peak of 11 mW/g C3S). Thus, the enhancement effect of gypsum was

probably less significant.

The enhancement of CsS hydration due to gypsum was also previously related to the seeding
effect of very fine nano-ettringite [8]. However, in C3S pastes, which do not contain aluminum,
no ettringite is formed, as observed by XRD and TGA. Therefore, none of these hypotheses can
fully explain the effect of calcium sulfate on the C3S hydration. As suggested by Zunino and
Scrivener [9], the enhancement in C3S hydration rate is probably mainly related to interactions
between the calcium sulfate and the silicates (C3S and/or C-S-H) rather than interactions that

involve the aluminates.

Gunay et al. [10] reported some simulations regarding the C3S hydration in the presence of
gypsum. The authors observed an increase in C-S-H permeability with the addition of calcium
sulfate. One could hypothesize that the increase of the C-S-H permeability would increase the
water and ion diffusion, enhancing the CsS hydration. However, as shown by Gallucci et al.
[57], this “C-S-H layer” formed at the CsS surface is very permeable. Therefore, this is NOT
the reason for the enhancement in the CsS hydration rate by gypsum.

Based on the simulations performed by Gunay et al. [10], the presence of gypsum increases the
perpendicular and parallel C-S-H growth rate. The reason for this is still not understood. Three
different hypotheses can be proposed to explain the enhancement in C3S and Al-C3S hydration
rate by gypsum: (i) The sulfate ions change the C-S-H needle morphology, reducing the lateral
impingement and accelerating the growth of the C-S-H needles. (ii) The change in the C-S-H
needle morphology would provide more sites for the precipitation of hydration products. (iii)
Sulfate ions increase the ionic strength, increasing the nucleation and growth rate of C-S-H.
The first two hypotheses relate the enhancement in CsS hydration rate by gypsum with the
change of C-S-H needles’ morphology. Mota et al. [7] showed that a negatively charged cloud
of sulfate ions is physically adsorbed in the positivity charged C-S-H needles. This yields to the
C-S-H needles’ repulsion, leading to a more divergent needle structure instead of the convergent

morphology observed in plain CsS pastes [7].

According to the first hypothesis, this divergent needle structure would reduce the lateral
impingement between the C-S-H needles, accelerating their growth and final length, as
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exemplified in Figure 4.15. As suggested by Zhang et al. [58], the C-S-H needles may be
described as ellipsoidal particles randomly distributed on the CsS surface. Adjacent C-S-H
needles may impinge on each other, which probably will reduce its growth rate [58,59]. Please
note that we are referring to lateral impingement between adjacent C-S-H needles (from the
same CsS grain) and not to impingement between C-S-H needles from different CsS grains,
which is unlikely to occur in the first hours of hydration as discussed by Ouzia and Scrivener
[60]. The convergent structure of the C-S-H needles in sulfate-free solutions probably induces
more and faster lateral impingement between the adjacent C-S-H needles than the more
divergent structure of C-S-H needles in solution with sulfate, which may explain the
enhancement of C3S hydration due to gypsum on the acceleration period — the moment which

the nucleation and growth of C-S-H needles occur.

Furthermore, according to Ouzia and Scrivener [60] the C-S-H needles grow until a certain
critical length, when the growth rate decreases abruptly, which results in the decrease of the
hydration rate. The reasons for that are still unknown but increases in C-S-H needle length result
in a higher hydration rate [60]. One possible reason could be the lateral impingement between
C-S-H needles. If this is true, the more divergent morphology of C-S-H needles with the
gypsum addition might decrease the lateral impingement, which may increase the length of C-
S-H needles, as illustrated in Figure 4.15.

Sulfate free Sulfate containing
solutions solutions
Lateral Lateral
impingement impingement

Convergent N Divergent
C-S-H C-S-H
needles needles

Figure 4.31 — Schematic representation of the impact of sulfate ions on C-S-H morphology (adapted from Mota
etal. [7]

According to hypothesis (ii), the more divergent structure of the C-S-H needles would increase
its surface area, resulting in more sites for the precipitation of hydration products. This
hypothesis agrees with Huang and Yang’s [61] results, who observed an increase in the specific
surface area of the C-S-H by adding K.SO4 when compared to plain C3S pastes. This might

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates



67

result from the divergent morphology of C-S-H needles when adding K>SOs (a similar
morphology as those observed by Mota et al. [7] when adding gypsum). However, the surface
area of the hydrating CsS is also highly influenced by the number of C-S-H needles. In addition,
the experimental errors associated with this determination should be account for as it is
extremely difficult to stop the C3S hydration quickly and precisely enough to obtained different
samples at equal DoH. Therefore, further studies on this topic are necessary to verify if the more
divergent structure of C-S-H needles due to sulfates addition leads to a higher surface area or

not.

Finally, the enhancement in C3S hydration rate by gypsum could be due to the increase in the
ionic strength (iii). As observed by thermodynamic modeling (Section 4.3.2), the addition of
2.5 wt.% of gypsum increases 51% in the ionic strength (0.055 to 0.083 molal). Increases in the
ionic strength favor increases in the number of C-S-H nuclei per unit surface area of C3S/alite,
increasing the nucleation rate and growth of C-S-H [62,63]. This might be the reason or one of
the reasons for the enhancement of CsS hydration. On the other hand, the further addition of
gypsum (i.e., the mixes with 5.0 wt.% of gypsum) did not increase the ionic strength, which

might explain the plateau in the enhancement effect of gypsum on C3S hydration.

4.5 CONCLUSIONS
e Aluminum doped CsS has a slower hydration rate when compared to aluminum-free
CsS, which probably results from the releasing of aluminum ions into the solution with
the Al-C3S dissolution. Note that the larger particle size of Al-C3S may also contribute
to this result.

e The presence of gypsum delayed the initial hydration of C3S and Al-CsS, prolonging
the induction period. The initial delay seems to be related to the interaction between the

sulfate ions and CsS.

e The presence of gypsum enhanced the C3S and the AI-CsS hydration during the
nucleation and growth period (after the induction period), increasing the main hydration
peak, the cumulative heat, the dissolution of C3S and Al-C3S, and the amount of bound
water. The enhancement on the hydration due to gypsum addition was higher for the
C3S samples -increases of 20.0% and 12.6% in DoHxrp and DoHnwvr at 7 d - compared
to the Al-C3S samples -increases of 6.2% and 0.4% in DoHxrp and DoHnwvr at 7 d.
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e Asobserved by thermodynamic modeling, the addition of 2.5 wt.% of gypsum increased
51% in ionic strength of the pore solution of C3S and Al-CsS pastes. However, further

addition of gypsum (5.0 wt.%) did not result in further increases.

e For the aluminum-free C3S pastes, the addition of gypsum increased the portlandite
content due to the increase in the hydration rate. However, for the Al-C3S, a decrease in
portlandite content was observed, probably due to the consumption of calcium ions for

ettringite formation despite the higher degree of hydration.

e The addition of gypsum in Al-C3S resulted in a decrease of AFm and TAH phases and
a decrease in Al incorporated in C-S-H due to the ettringite formation, which decreases

AI®* available in the solution.

e Asobserved by thermodynamic modeling, the presence of gypsum in the Al-CsS pastes
reduces the AI** concentration of the pore solution. All the aluminum released by Al-
CsS dissolution is expected to be immediately consumed by ettringite formation in the
presence of 2.5 wt.% of gypsum. Thus, as AI** ions in the pore solution retards CsS,
their removal from the pore solution may contribute to the lower retarding effect of
gypsum during the induction period on the Al-CsS hydration when compared to C3S
hydration.

e As gypsum also enhanced the aluminum-free C3S hydration, where no ettringite is
formed, the formation of ettringite and the removal of AI** ions of the pore solution by
the formation of ettringite is NOT the mechanism behind the enhancement of C3S

hydration by gypsum.

e The results indicate that the enhancement in C3S and Al-CsS hydration rate after the
induction period due to gypsum is probably related to (i, ii) the more divergent needle-
structure C-S-H morphology when sulfate is present (according to bibliography), which
(i) may reduce the lateral impingement between adjacent C-S-H needles (from the same
CsS grain) increasing their growth rate and (ii) may increase the site for the precipitation

of hydration products. (iii) The increase in ionic strength when adding gypsum.
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Chapter 5

The role of sodium and sulfate sources on the rheology

and hydration of C3A polymorphs

Chapter 5 is based on the article:

José S. Andrade Neto, Paulo R. de Matos, Angeles G. De la Torre, Carlos E. M.
Campos, Philippe J. P. Gleize, Paulo J. M. Monteiro, Ana Paula Kirchheim. The
role of sodium and sulfate sources on the rheology and hydration of CsA
polymorphs. Cement and Concrete Research, v. 151, paper 106639, 2022.

José da Silva Andrade Neto (josedasilvaandraneto@gmail.com). Porto Alegre: UFRGS/EE/PPGCI, 2021



74

5 THE ROLE OF SODIUM AND SULFATE SOURCES ON THE
RHEOLOGY AND HYDRATION OF C3;A POLYMORPHS

ABSTRACT

The higher reactivity of orthorhombic CsA (ort-CsA) in sulfate-containing solutions, compared
with cubic C3A (cb-CzA), was previously related to the differences in crystal structure or the
sodium in the ort-CsA pore solution. We analyzed the hydration of cb-CsA (in water and NaOH
solution) and Na-doped ort-C3A in the presence of gypsum and hemihydrate. Calorimetry, in-
situ XRD, TGA, and rheological tests were conducted. NaOH accelerated the hydration of cb-
CsA, but ort-CsA still presented higher ettringite formation rate and earlier sulfate depletion.
Ort-CsA pastes showed 10-20 times higher viscosities and yield stresses. Replacing gypsum by
hemihydrate increased the ettringite precipitation rate and anticipated the sulfate depletion of
ort-C3A but did not significantly influence cb-CsA hydration. The crystallization of
hemihydrate into gypsum resulted in early (<10 min) stiffing of all C3A-hemihydrate pastes.
Overall, the higher reactivity of ort-CsA is related to differences in crystal structure rather than
the sodium in the pore solution.

Keywords: cubic C3A; orthorhombic CzA; Calcium sulfate; Hydration; Rheology.
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5.1 INTRODUCTION

Despite its low amount in Portland cement (PC) -generally between 4 wt% and 10 wt%- the
tricalcium aluminate (CasAl.Os or C3A) greatly influences the workability, setting, and initial
strength of concrete due to its high reactivity. Depending on the alkali content incorporated
during clinker production (either from raw materials or fuel composition), C3A can present
different crystal structures. In the presence of sodium, Na* ions substitute Ca2*, and another Na*
ion occupies an otherwise vacant site in the center of Al,01%~ rings, resulting in solid solutions
- NaxxCasxAl206 [1]. The crystal structure of this solid solution depends on the amount of Na
incorporated. According to Takeuchi et al. [2] and Taylor [3], cubic C3A is stable when 0 < x
< 0.10, while cubic C3A and orthorhombic co-exists when 0.10 < x 0.16. Orthorhombic is the
only polymorph presented when 0.16 < x < 0.20, while x values higher than 0.20 stabilizes the
monoclinic form. However, different values are reported by other authors [4-7]. This
discrepancy happens as the sodium content needed to stabilize orthorhombic C3A depends on
several parameters, such as the synthesis route, the sintering and cooling temperature, the
sintering time, and the presence of other minor elements like Fe, Mg, Si, among others [4-7].
In commercial PC, cubic and orthorhombic C3A are found alone or in combination, while the

monoclinic C3A is not observed [3,8].

Cubic C3A (ch-C3A) reacts almost instantly with water at room temperature, resulting in quick
stiffing, making PC's most practical applications unfeasible [9,10]. Calcium sulfate (gypsum
and/or anhydrite) is added to the clinker to control the C3A hydration and allow the practical
use of PC. In the presence of calcium sulfate, ettringite is formed in the first minutes, according
to Eq. 5.1, and the reaction is then slowed down for some hours [11-13]. In limestone-free
cements and in pure CsA-calcium sulfate pastes, when all calcium sulfate is consumed, the
ettringite becomes unstable and reacts with the remaining C3A to form monosulfate (SOas-
AFm), according to Eq. 5.2 [11-13]. In turn, the presence of limestone stabilizes the ettringite
and promote the formation of hemicarbonate and monocarbonate [14,15].

C3A + 3CSH, + 26H — C4AS;Hs, (Eq. 5.1)
2C5A + C4AS;Hs, + 4H — 3C,ASH,, (Eq. 5.2)

Orthorhombic CzA (ort-C3A) reacts similarly to cb-CsA, forming the same products in the
absence and presence of calcium sulfate. However, the rate of reaction is entirely different. In

the absence of calcium sulfate, ort-C3A reacts more slowly than cb-C3A [12,16,17]. In contrast,
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the presence of calcium sulfate is ineffective in retarding the ort-CsA reaction, and therefore it
reacts faster than the cubic polymorph in the presence of calcium sulfate [10,12,16-20].

Kirchheim et al. [12] evaluated the hydration of cubic and orthorhombic C3A alone and with
different gypsum contents using calorimetry and XRD. Their results show that an increase in
the gypsum contents reduces the hydration rate of cubic CsA while increases the hydration of
ort-CsA. Similar results were observed by Myers et al. [17] when evaluating the hydration of
cubic and orthorhombic CzA in the absence and the presence of gypsum by calorimetry, XRD,
and ICP-OES, and by Cheung et al. [19] and Alonso and Puertas [20] who evaluated the
hydration of cubic and orthorhombic C3A pastes with gypsum by calorimetry. Stephan and
Wistuba [16] analyzing the hydration of different C3A solutions (alone and in the presence of
CaSO0g) by calorimetry and FTIR, found out that the sodium-doping accelerated the hydration
of C3A in the mixtures with CaSOs. Kirchheim et al. [18] observed by in-situ soft X-ray and
2 Al NMR that the orthorhombic CsA hydrates faster and formed larger ettringite needles than
the cubic one in the presence of gypsum. Kirchheim et al. [10] also observed by SEM that
orthorhombic CsA hydration in the presence of gypsum results in larger ettringite crystals
compare with cubic C3A-gypsum pastes. These authors [10] also evaluated the rheology in a
plate-plate rheometer and observed that the orthorhombic CsA-gypsum pastes have a higher
storage modulus (i.e., less fluidity) than the cubic CsA-gypsum pastes. Furthermore, as
followed by Dubina et al. [21], by evaluating the pre-hydration of cubic and orthorhombic CzA
alone and with hemihydrate through water vapor sorption, the orthorhombic polymorph
presents a higher probability to undergo more pronounced pre-hydration during storage. In

addition, orthorhombic CsA also has a higher likelihood of carbonate during storage [22].

Recent studies [17,23-25] suggest that the retardation of cb-CsA hydration in the presence of
calcium sulfate is due to the adsorption of SO4% ions and/or Ca-S ion pairs in the Al-rich
leached layer formed with the cb-CsA dissolution. However, still not clear yet why the calcium
sulfate is ineffective to retard the ort-CsA hydration. This might be related to the difference in
the crystalline structure or to sodium in solution with ort-CsA dissolution. Ort-C3A presents a
higher solubility of the ring structures of Al,018~ [17,26], which would impair the formation
of the Al-rich leached layer on the C3A particles and possibly affects its dissolution rate [12,17].
In turn, Stephan et al. [16] suggest that the greater reactivity of ort-C3A is due to the presence
of sodium ions, released in the dissolution of the ort-CzA, which would destabilize the

amorphous alumina layer where the Ca-S ion-pair complexes are adsorbed according to the
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recent theory [23]. Another factor that can occur in ort-CsA pastes is the formation of the U-
phase at the expense of monosulfate and ettringite as final precipitate [27—29]. This corresponds
to a Na-substituted AFm phase formed in highly alkaline pastes, and the ort-C3A can provide
the sodium ions required for the formation of such phase. The presence of the U-phase was
previously observed in C3A-gypsum pastes hydrating in 0.25-1.00 M [27,30,31] of NaOH
solutions and in PC hydrating in 2.0-4.5 M NaOH solutions [32]. According to Li et al. [28],
the U-phase formation can appear only at high alkaline concentrations, but the pH range in

which this phase is stable has not been reported yet, and further studies are necessary.

As previously mentioned, gypsum (CaSOs-2H20) and/or natural anhydrite (CaSO4) are added
to the clinker to control the C3A reaction. However, depending on the temperature of the cement
mill, gypsum may dehydrate into hemihydrate (CaSOas-1/2H,0) and/or soluble anhydrite
(CaS04) [33,34], which are much more soluble than gypsum and natural anhydrite. The higher
solubility of calcium sulfate will increase the available sulfate ions in the solution during the
first minutes/hours and influence the C3A hydration [35]. Pourchet et al. [35] reported that at
low SO3/Cs3A ratios, the gypsum replacement by hemihydrate accelerates the cb-CsA, forming
more ettringite in the first hours and anticipating the sulfate depletion. Zunino and Scrivener
[36] studied the hydration process of pure C3S-ch-CsA mixtures with different amounts of
gypsum and hemihydrate. The authors described that the hemihydrate anticipates the sulfate
depletion point. Increasing the sulfate demand of the mix - i.e., a higher wt% SOs is necessary
to obtain optimal mechanical performance for the mixtures with hemihydrate. However, at
higher SO3/C3A ratios, using hemihydrate as the sulfate source results in a slower hydration
rate of the cb-C3A than when gypsum is used [35]. The reason for this behavior is not known

yet, and further studies are necessary.

It is vital to have a correct balance between C3A reactivity and sulfate solubility. On the one
hand, if low soluble sulfates are used in cements with higher C3A reactivities, it may have an
insufficient amount of sulfate in solution, causing flash set due to the formation of OH-AFm or
SO4-AFm [33,37,38]. On the other hand, if a high soluble calcium sulfate (e.g., hemihydrate or
soluble anhydrite) is used in cements with low C3A reactivity, a “false set” may occur due to
the formation of larger gypsum crystals deriving from the re-hydration of those sulfates
[33,38,39]. This reaction can negatively affect the rheology of fresh concrete and impair its
proper application. Despite the importance of the compatibility between C3A and calcium

sulfate source, to the best of the author’s knowledge, there are no studies regarding the
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hydration of pure ort-CsA in the presence of hemihydrate, except for the Dubina et al. [21]
study, previously mentioned, that evaluated the pre-hydration of cubic and orthorhombic CzA

in the presence of hemihydrate.

The present study aims to determine, for the first time, if either the change in the crystalline
structure or the presence of sodium ions in the solutions are responsible for the higher reactivity
of ort-C3A, in comparison with cb-C3A, in the presence of calcium sulfate. Additionally, the
effect of the type of calcium sulfate source (gypsum/hemihydrate) on the hydration and
rheology of cubic and orthorhombic CsA pastes was studied. Isothermal calorimetry (IC), in-
situ X-ray diffractometry (in-situ XRD), thermogravimetry analysis (TGA), scanning electron

microscopy (SEM), and rheological tests were conducted.

5.2 MATERIALS AND METHODS

5.2.1 Materials
Cubic CsA (cb-C3A, 3Ca0.Al;03) and orthorhombic C3A (ort-CsA, NaxCasxAl20s) were

purchased from Mineral Research Processing Cie (France). Both materials were synthesized in
the laboratory from a stoichiometric mixture of calcium carbonate (CaCOgz) and alumina
(Al203). Sodium carbonate (NaCO3) was used to stabilize the orthorhombic polymorph. The
mixtures of reagents were calcinated twice at 1350°C for 2 hours in platinum crucibles. In an

intermediate step, between the calcinations, the materials were ground to a fine powder.

High purity (>96 wt%) natural gypsum (CaSO4-2H20) and hemihydrate (CaSOs-1/2H,0) were
used as calcium sulfate sources. Hemihydrate was prepared by heating the gypsum at 100 °C
for 48 hours.

Cb-CsA, ort-C3A, gypsum, and hemihydrate were characterized by X-ray diffractometry (XRD)
using an X Pert MPD PRO diffractometer from PANalytical (Almelo, Netherlands) placed at
Servicios Centrales de Apoyo a la Investigacion (SCAI) at the University of Malaga (UMA,
Spain). Monochromatic Cu-Koi radiation, A = 1.54059 A, obtained by a Ge (111)
monochromator and X’Celerator detector were used. The X-ray tube operated at 45 kV and 40
mA, and the samples were measured between 5° to 70° (20) with a step size of 0.0167° 26, using
a spinning sample-holder (16 rpm) to enhance particle statistics. The crystalline phases of the
raw materials were identified using the X Pert Highscore software (PANalytical) and quantified
by the Rietveld method using the GSAS 11 software. The fitting process was adjusted to obtain

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates



79

an Rwe lower than 15% and a goodness-of-fit (GOF = Ry, p/R.xp) lower than 4. Figures 5.1

and 5.2 present the XRD patterns, and Table 5.1 shows the XRD-Rietveld results of both CzA
samples and the sulfate sources.

Table 5.11 — ICSD collection codes and XRD-Rietveld results (in weight percentages) of the raw materials.

Phase Chemi_cgl ICSD ch-C:A ort-CsA Gypsum  Hemihydrate
composition
Cubic C:A CazAl;06 1841 96.9 5.6 - -
Orthorhombic CsA  NaxCazxAl20s 1880 - 94.4 - -
Mayenite Cai2Al14033 261589 2.0 - - -
Lime CaO 75786 1.1 - - -
Gypsum CaS04:2H,0 151692 - - 96.1 -
Hemihydrate CaS04-1/2H,0 69060 - - - 97.2
Dolomite CaMg(COa)2 66333 - - 3.4 2.4
Quartz SiO; 200721 - 0.5 0.4
Rwe /% 13.3 14.7 11.7 11.3
GOF 3.1 4.1 3.1 2.7
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Figure 5.32 — XRD patterns for the cubic and orthorhombic C3A. The non-labeled peaks correspond to CzA
reflections, while symbols indicate the main reflections of the minor phases. Triangle: Mayenite; Square: Lime.
Note that in some cases, the peaks overlap with the peak of the main phases.
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Figure 5.33 — XRD patterns for gypsum and hemihydrate. The non-labeled peaks correspond to gypsum or
bassanite (crystalline hemihydrate) reflections, while symbols indicate the main reflections of the minor phases.
Circle: Quartz; Star: Dolomite. Note that in some cases, the peaks overlap with the peak of the main phases.
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The BET surface area of the raw materials was determined using ASAP 2420 equipment from
Micromeritics (Georgia, USA), according to the guidelines presented by Palacios et al. [40].
The density was determined in an AccuPyc Il 1340 pycnometer from Micromeritics (Georgia,
USA), both equipment placed at SCAI at UMA. The particle size distribution was determined
through laser diffraction, using PSA 1090 equipment from Anton Paar (Graz, Austria), with
isopropanol as the dispersant, and considering Mie theory [40]. Table 5.2 presents the results
of the physical characterization of the raw materials, and Figure 5.3 shows their particle size
distribution. Both CsAs presented similar physical characteristics, with an equivalent median
diameter and comparable BET surface area (difference of only 0.29 m?/g, which maybe within
the error of the method). Gypsum and hemihydrate presented similar particle size distribution

and BET surface area as expected.

Table 5.12 — Physical characterization of the raw materials.

Property cbh-CsA ort-CsA Gypsum Hemihydrate
BET surface area (m?/g) 1.42 1.13 1.33 1.38
Dy 90 (um) 30.8 28.7 51.8 40.8
Dy 50 (um) 75 7.6 16.9 14.8
D, 10 (um) 1.6 1.8 3.6 3.5
Density (kg/m?) 2940 2990 2350 -
5
—cb-G;A = =Gypsum
4 ort-CsA Hemihydrate
L
g
=
S
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Figure 5.34 — Particle size distribution of the raw materials.
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Table 5.3 presents the chemical composition of ch-C3A, ort-C3A, and gypsum, obtained by X-
ray fluorescence (XRF), using an ADVANT’XP+ spectrometer from Thermo Fisher Scientific
(Waltham, USA), placed at SCAI at UMA. For this test, the samples using fusion to form fused
beads, providing a homogeneous representation of the sample. Cb-CsA and ort-C3A presented
LOI of 2.76% and 2.20%, respectively, which probably is due to the absorption of water on
their surface and slightly pre-hydration during grinding and storage as discussed by Dubina et
al. [21].

Table 5.13 — Chemical composition, obtained by XRF, of the raw materials, expressed as the weight percentage
of oxides. Loss on ignition (LOI) is also included.

Constituent cb-Cs3A ort-CsA Gypsum

CaO 60.89 56.58 34.04

Al,O; 35.52 36.70 0.09
Na,O 0.03 3.98

SiO, 0.43 0.18 0.95

Fe20s 0.08 0.06 0.16
MgO 0.11 0.09 0.81
SOs 0.02 0.03 46.05
LOI 2.76 2.20 17.53

The amount of Na* released in ort-C3A dissolution was quantified by inductively coupled
plasma atomic emission spectroscopy (ICP-OES), using an Optima 7300DV spectrometry from
Perkin Elmer (Massachusetts, USA). A release of 3.5 wt% of Na* (or 4.7 wt% of Na;O) was
observed with the dissolution of ort-CzA in water, and this information was used for mix design
(Section 5.2.2.1). This value is slightly higher than the value obtained by XRF (3.98 wt%), and
this can be attributed to the inherent deviations on XRF tests.

5.2.2 Methods

5.2.2.1 Formulations and sample preparation

Table 5.4 shows the different formulations studied. Mixes with cb-CzA, cb-C3A + NaOH, and
ort-C3A were produced with gypsum or hemihydrate. For the mixes with cb-C3A and ort-CzA,
distilled water was used, while for those with Na-ch-C3A, a 0.99 M NaOH solution was used.

The molarity of NaOH solution was chosen to maintain the amount of Na* released with the
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dissolution of ort-C3A, as obtained by ICP-OES (3.5 wt% of Na*). Furthermore, as the sodium
Is progressively liberated with the dissolution of ort-CsA, while it is fully available from the
beginning on the Na-cb-CsA, it is interesting to study the impact of different NaOH molarities
on cb-C3A hydration. Thus, in addition to the 0.99 M, the hydration of cb-C3A_GYP pastes at
0.24 M and 0.48 M of NaOH solutions was also evaluated (only by calorimetry). These
correspond to 25% and 50% of the Na* released with the total dissolution of ort-CsA.

A fixed SO3/C3A ratio of 0.293 by weight was used for all mixtures, resulting in a gypsum/CzA
ratio of 0.64 and a hemihydrate/C3A ratio of 0.58. This ratio falls within the range of SO3/C3A
ratio usually found in PC (considering a CsA content of 8 wt% and an SOs content of 2.3 wt.%),
and similar ratios were used in several studies with CsA-gypsum pastes [10-12,41]. The
water/solid ratio was fixed at 1.00 by weight since it is the most common ratio used for CzA
pastes in literature [11,13,25,41], being enough to fully hydrate the C3A and promote adequate
workability. The w/s ratio used here does not consider the chemical bound water present in
gypsum and hemihydrate, as it will not be available during mixing and the beginning of the

reaction.
Table 5.14 — Formulations studied.

Mixture (v%tﬁ: ) G(mf;);n Her?vivrggﬁj)rate Solution SOs3/CsA w/s
cb-CsA_GYP 61.08 38.92 - Distilled water
Na-cb-CsA_GYP 61.08 38.92 - 0.99 M NaOH
ort-CsA_GYP 61.08 38.92 - Distilled water

0.29 1.0
cb-C;A_HEM 64.22 - 35.78 Distilled water
Na-ch-CsA_HEM 64.22 - 35.78 0.99 M NaOH
ort-CsA_HEM 64.22 - 35.78 Distilled water

The anhydrous materials (C3A and gypsum/hemihydrate) were manually mixed for 10 minutes
in an agate mortar. At room temperature, the 0.99 M NaOH solution was prepared by dissolving
NaOH in distilled water by magnetic stirring for 30 minutes. As the NaOH dissolution is
exothermic, the solutions were prepared at least 24 hours before mixing the C3A pastes to
prevent the heat release in its dissolution from interfering with the C3A hydration and the

isothermal calorimetry results.
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For the preparation of the C3A pastes, 2 g of pre-mixed anhydrous materials (cb-CsA/ort-C3A
and gypsum/hemihydrate) were placed in a 20 mL vessel. Then, the deionized water or the Na*
water solutions was added, and the materials were mixed for 2 minutes using a rotational mixer
at 350 rpm.

For the calorimetry analysis, the mixing procedure was conducted inside the 20 mL glass
ampoule used for the isothermal calorimetry tests (see section 5.2.2.2), and the plastic rod was
left inside the glass ampoule to minimize the loss of material during mixing. The mixing
procedure and insertion of glass ampoule in the calorimetry were done in less than 3 minutes
after the initial contact between water and CzA. For the TGA, in-situ XRD, SEM, and
rheological tests, the mixes were prepared in plastic vessels and then hermetically closed. For
the TGA and SEM analysis, the paste remained inside the closed vessels until the hydration

stoppage.

For the SEM analysis, the hydration of C3A pastes was stopped at 30 and 120 minutes for the
gypsum containing and at 10 minutes for the hemihydrate-containing samples. The hydration
was stopped at 1 hour, 1, 2, and 3 days for the TGA analysis. About 1 g of each paste was mixed
with 50 ml of isopropanol for 30 minutes while stirring; due to the soft consistency of the pastes
for up to 3 days, no grinding process was required. Then, the sample was filtered at a low
vacuum through a nylon filter with a 15 pum opening for 10 minutes and dried in an oven at 40
°C for another 10 minutes. Finally, the sample was stored in a desiccator with silica gel and low

vacuum until testing.

5.2.2.2 Isothermal calorimetry (IC)

For IC analyses, an eight-channel Thermal Activity Monitor of Tam Air, TA Instruments (New
Castle, DE, USA) was used. The pastes were mixed ex-situ, but inside the glass ampoule, as
described in item 2.2.1. Distilled water was used as reference material, and the amount of water
used as reference was calculated according to Wadso [42] to obtain the same heat capacity as
the C3A paste. The heat flow (thermal power, mW/g of solids) and the cumulative heat (integral

of thermal power, J/g of solids) were recorded for up to 3 days at 20°C.

5.2.2.3 In-situ X-ray diffraction (In-situ XRD)
In-situ XRD was conducted up to 48 hours in an X Pert Pro (PANalytical) diffractometer

equipped with Soller and anti-scattering slits, 1/2° fixed divergent slit set up, and X Celerator
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detector. The diffractometer operated at 45 kV and 40 mA with CuKa radiation given a
wavelength of 1.5418A. The scanning range, step size, and counting time were respectively 7-
55°260, 0.0167° 20, and 24.765 sec/step, and the sample was rotated at 2 sec/rev to improve the
statistics of data collection. Immediately after mixing, the fresh paste was placed on the sample
holder and covered with a Kapton film to prevent water loss and carbonation. The
measurements started 40 minutes after the first contact between the water and the dry materials;
each scan took about 10 minutes, and three samples were tested alternatively, placed at X-ray
beam automatically by a robotic arm, providing an XRD pattern for each sample every 30

minutes, totalizing about 90 measurements for each sample.

For XRD data analysis, TOPAS v.5 software was used. The U-phase was found in most pastes
(discussed later in Section 5.3.2), which corresponds to a sodium-substituted AFm phase
formed in highly alkaline cement pastes [27,29]. According to Ectors [43], the layered nature
of AFm-type structures often results in stacking disorder and anisotropic peak broadening in
XRD, making the crystal structure determination difficult. The lack of a well-defined crystal
structure for this phase would make Rietveld guantitative phase analysis inaccurate. Thus, a
semi-quantitative phase analysis (SQPA) was conducted as detailed next. The crystallographic

information files used for phase identification are detailed in Table 5.5.

Table 5.15 — Crystallographic information files used for phase identification.

Phase Reference code Reference
CsA cubic 1841* Mondal and Jeffery [7]

CsA orthorhombic 1880* Nishi and Takeuchi [1]
Ettringite 155395* Goetz-Neunhoeffer and Neubauer [44]
Gypsum 151692* de la Torre et al. [45]

Hemihydrate 69060* Bezou et al. [46]
U-phase 00-044-0272** Post and Pollmann [47]

*ICSD code; **ICDD code.

52231 Kapton film and free water fitting

In order to systematically account for the background contributions caused by the
Kapton film and free water while avoiding manual background fitting (which highly depends
on the operator), those were fitted using hkl phases. The Kapton film was first measured over
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a silicon single crystal, and the data were fitted with a Pawley range using the structural
parameters proposed by Scherb et al. [48]: P4/mmm space group and lattice parameter a = 9.72
A; c=26.53 A. The crystallite size (Lorentzian function) and hkl intensities were refined in this
step. Subsequently, a corundum (a-Al203) sample covered with Kapton was measured, and the
lattice parameters of the Kapton hkl phase were refined. This allowed placing the hkl phase
along the 20 axis correctly. For the free water model creation, corundum:water paste (in 50:50
wt%) covered with Kapton was measured. The lattice parameters, the crystallite size
(Lorentzian function), and scale factor of corundum, the scale factor of the Kapton hkl phase,
and the background (n=0 order Chebyshev) were refined in the pure corundum sample above-
mentioned and fixed for the corundum:water sample (except for the scale factor of the
corundum phase which was allowed to be refined). The diffuse scattering caused by the water
was then fitter with a Pawley range using the space group P4/mmm. The lattice parameters, the
crystallite size (Lorentzian function), and the hkl intensities of the free water model were
refined and fixed. Figure 5.4 shows an example of a fitted in-situ diffractogram accounting for

the contribution of both Kapton film and free water, in addition to the crystalline phases.
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Figure 5.35 — Example of fitted XRD pattern of in-situ measurement for cb-CsA_GYP paste at 48 hours of
hydration. Ett: ettringite; C: CsA (cubic); D: dolomite.
52232 Semi-quantitative phase analysis (SQPA)

SQPA was conducted by determining the scale factor of each crystalline phase over time
relative to its highest scale factor measured. Different qualitative or SQPA approaches based
on peak intensities of XRD patterns were used to evaluate the cement paste hydration. Guo et
al. [49], Gardner et al. [50], and Shunman et al. [51] analyzed absolute intensity values at given

20 positions to assess the formation of hydrated phases (e.g., portlandite) in powder XRD. More
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elaborately, Quennoz and Scrivener [11,52] evaluated the area of a single representative peak
for each phase over time for in situ XRD measurements, manually subtracting the background.
However, relying on a single peak may provide misleading results since preferred orientation
can occur, while the scale factor of the phases accounts for the whole XRD pattern. It is stressed
that the weight fraction of a given crystalline phase is linearly proportional to its scale factor
[53].

The global parameters refined were sample displacement (to account for height
variations caused by paste expansion/shrinkage over time) and background (1% order
Chebyshev polynomial). After including the Kapton and free water hkl phases (detailed in
Section 5.2.3.3.1) in the refinement, the crystalline phases were included one by one. For the
U-phase, a hkl phase was created using the space group, lattice parameters, and relative
intensities of the ICDD 00-044-0272 file, detailed in the Supplementary Material (Table C1 and
C2, Figure C1). The lattice parameters and peak shape (Thompson-Cox-Hastings pseudo-Voigt
profile function [54]) of the anhydrous phases (i.e., C3A, gypsum, and bassanite) were
previously refined in dry samples and fixed for hydrating samples. The lattice parameters and
peak shape of the hydrated phases (i.e., ettringite and U-phase) were refined for each mix using
the XRD pattern that had the highest content of the respective phase and then were fixed for the
other patterns. Pseudo-Voigt peak shape fitting instead of the fundamental parameters approach
was chosen because it led to more stable refinements over time. The preferred orientation of
gypsum (020), ettringite (010), and U-phase (003) were refined using the March-Dollase

function [55] for accounting for crystal orientation on the surface of the Kapton film.

5.2.2.4 Thermogravimetry analysis (TGA)

TGA was performed in a TGA 2 analyzer from Mettler Toledo (Columbus, Ohio, USA). The
samples (=10 mg) were placed in open platinum crucibles under airflow. The temperature
ranged between room temperature (RT) and 1000 °C with a heating rate of 10 °C/min. From
the TGA results, the bound water content was determined. After stopping hydration, the bound
water content of the pastes was assigned to the weight loss from RT to 550°C. The actual

bounded water can be calculated by Eq. 5.3 [56]:

BW,rp - CM
gw = Warp - (M. (Eq. 5.3)
100 — BW,1p
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BW corresponds to actual chemically bound water content, BWarp is the mass loss measured
up to 550°C from TGA curves, and CM is the solid, i.e., CzA-sulfate source content (all the

numbers in weight percentages).

5.2.2.5 Scanning electron microscopy (SEM)

SEM images of the hydrated samples in dry powder form (detailed in Section 5.2.2.1) were
recorded using a VEGA3 (TESCAN) microscope operating at 15 kV. A small portion of powder
was placed over a carbon adhesive tape and coated with gold. Images were acquired at the
x5000-40000 range.

5.2.2.6 Rheological tests

The rheological tests were conducted on a Haake MARS 11l (Thermo Scientific) rheometer
using a parallel plate geometry with 20 mm diameter and serrated surface. The axial gap was
1.000 mm, and the temperature was kept at 23.0 + 0.1°C. The measurements started 10 minutes
after the first contact between the water and the dry materials, and a shear cycle was recorded
every 10 minutes until 120 minutes of hydration. An insulation hood was used to prevent water

evaporation.

Firstly, the sample was pre-sheared at 100 s for 30 seconds, followed by a 30-second rest.
Subsequently, the shear rate was increased from 0.1 to 100 s in 10 steps and then decreased
back to 0.1 s in the same steps. Each step took 10 seconds (which was confirmed to be enough
to reach a steady-state flow) and the last 3 seconds were recorded. The decreasing portion of
the flow curves was used to obtain the rheological properties of the paste. The yield stress was
determined using the Casson model [57] (Eqg. 5.4), as also used in several studies with cement
pastes [58-60].

VT = JTo+ JHm 7 (Eq, 5.4)

Where 7 is the shear stress (in Pa), y is the shear rate (in s%), 7, is the yield stress (in Pa), and

U IS the viscosity (in Pa.s).

This model provided the best overall fit for the data, while the Herschel-Bulkley model
(conventionally used to describe the pseudoplastic flow of cement pastes) provided unrealistic

values, i.e., negative yield stress values or visible misfits. The Casson model only provides the
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viscosity at an infinite shear rate, and this has no practical meaning for cement-based materials,

so it was used here only for comparison between the samples.

5.3 RESULTS

5.3.1 Isothermal Calorimetry
Figure 5.5 presents the heat flow, and cumulative heat curves of C3A pastes with gypsum up to

90 hours. All pastes evaluated presented the typical heat flow curve profile of C3A hydration,
divided into three periods. In the first ~30 minutes of hydration, a great exothermic peak of heat
release is observed, followed by a sharp reduction in the heat flow. According to Quennoz and
Scrivener [11], this first heat release is related to the initial dissolution of C3A and gypsum and
the formation of the first ettringite and OH-AFm crystals. After the end of this great heat release,
a low heat releasing period begins. Several hypotheses were proposed to explain the mechanism
responsible for the occurrence of this period of low heat release, which is not observed in the
C3A hydration without calcium sulfate. The most accepted theory nowadays is that SO4% ions
and/or Ca-S ion-pair complexes are adsorbed on an Al-rich leached layer formed at the partially
dissolved CsA surface [17,23,61,62]. During the period of low heat release, the sulfates are
being consumed due to ettringite formation. Finally, when all sulfate from the solution is
consumed — known as sulfate depletion— a new exothermic peak is observed due to a new fast
dissolution of C3A and formation of AFm phases, as confirmed by XRD (see Section 5.3.2) and

previously observed by Quennoz and Scrivener [11] and Kirchheim et al. [12].

As shown in Figures 5.5 and C2, the length of the period of low heat release and the intensity
of the main heat flow peak were greatly influenced by the presence of sodium. The cb-
C3A_GYP sample exhibited a low (~ 6.5 mW/g of C3A) and a broad main peak of heat release
-between 25 and 70 h. The external addition of sodium in solution (i.e., incorporation of NaOH)
anticipated and increased the main peak of heat release -which now occurred between 15 and
35 hours with a maximum value of ~ 27 mW/g of C3A. As observed in Figure C2, the amount
of external sodium added (i.e., varying the NaOH molarity) did not influence the beginning of
the second peak, indicating that the amount of NaOH does not influence the moment of sulfate
depletion occurrence. However, the greater the amount of sodium added (i.e., the higher the
NaOH molarity), the higher is the second peak: the sample hydrating at the 0.24 M presented a
maximum of the second peak of ~ 12 mW/g of C3A while the sample hydrating at 0.99 M of
NaOH presented a maximum of ~ 27 mW/g of C3A.
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Finally, the reaction of ort-CzA, which has Na™ in its crystalline structure, was even faster, with
most of the reaction occurring within the first 24 hours. Furthermore, ort-CsA presented two
peaks in the first 24 hours: the first peak is related to very fast ettringite precipitation and
gypsum consumption, while the second is related to a new CzA dissolution and AFm
precipitation, as observed in the XRD results and discussed in Section 5.3.2. These results
corroborate with previous studies [12,17,20], which observed a higher heat-releasing of ort-
C3A-GYP compared with cb-C3A-GYP in the first hours of hydration.
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Figure 5.36 — Heat flow curves (solid lines and primary/left “y” axis) and cumulative heat curves (dashed lines
and secondary/right “y” axis) of the C3A pastes with gypsum during the first 90 hours of hydration.

Figure 5.6 presents the heat flow and cumulative heat curves of cb-C3A, Na-ch-CzA, and ort-
C3zA with gypsum and hemihydrate. The replacement of gypsum with hemihydrate had different
impacts on the hydration of C3zA polymorphs: it increased the heat released in the first hours in
the ort-CsA, retarded the second heat flow peak of the Na-ch-CzA, while did not influence the

heat flow and cumulative heat curves of the ch-C3A.

Regarding the cb-CsA (Figure 5.6a), the paste with hemihydrate presented a slightly broader
and smaller peak — between 20 and 80 hours with a maximum value of ~ 4.7 mW/g of C3A.

Therefore, the calcium sulfate source did not have a great influence on the cbh-CsA hydration.
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In turn, the use of hemihydrate in Na-ch-C3A (Figure 5.6b) delayed the main heat flow peak
(by about 11 hours) but increased by approximately 30% compared to the gypsum samples.
Pourchet et al. [35] observed that the replacement of gypsum with hemihydrate delayed the cb-
C3A reaction when more than 15wt.% of equivalent gypsum (related to the CsA wt.%) was
used, which corroborates with the behavior observed for the Na-cb-C3A, but not for the cb-C3A
(this is later discussed in Section 5.4.2).

As for the ort-CzA, the replacement of gypsum with hemihydrate increased the intensity of the
heat flow peak, increasing the heat release within the first day (Figure 5.6c). Ort-CsA_HEM
hydration showed three heat release peaks between 30 minutes and 24 hours. These peaks are
respectively related to hemihydrate conversion into gypsum, very fast ettringite precipitation,

CsA and gypsum dissolutions, and AFm precipitation, as further discussed in Section 5.3.2.

It is worth noting that all the mixes with hemihydrate presented a higher heat release within the
first hour when compared with the respective mixes containing gypsum. This probably results
from hemihydrate hydration and recrystallization in gypsum, which is exothermic and generally
occurs in the first hour (as confirmed by XRD and SEM; see Sections 5.3.2 and 5.3.4). This
hypothesis agrees with thermodynamic modeling (see Supplementary Materials, Figure C3),
which showed that the use of hemihydrate instead of gypsum in the cb-C3A paste is expected
to increase the cumulative heat by 83 J/g of C3A. This value is very close to the increase of 79.7
J/g of C3A in the cumulative heat obtained by calorimetry at 90 hours when hemihydrate is used

instead of gypsum.
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Figure 5.37 — Heat flow curves (solid lines and primary/left “y” axis) and cumulative heat curves (dashed lines
and secondary/right “y” axis) of the (A) cb-C3A, (B) Na-ch-C3A, and (C) ort-CsA pastes with gypsum and
hemihydrate during the first 90 hours of hydration.

5.3.2 In-situ X-ray diffraction (XRD)
The set of XRD patterns of the pastes over time up to 48 hours is presented in Figure C4. Figure

5.7 presents some key XRD patterns. Figure 5.8 shows the relative scale factor of the crystalline
phases over time. No bassanite (crystalline hemihydrate) was found in the pastes with
hemihydrate addition (Figure 5.7c-d and Figure 5.8d-f), indicating that it converted into gypsum
before the first XRD measurement (i.e., within the first 40 minutes of hydration). This is in line
with that reported by Jakob et al. [4] and Garcia-Maté et al. [63], which observed this

phenomenon before 10-20 minutes of hydration.
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For the cb-C3A_GYP and Na-cb-C3A_GYP samples (Figure 5.7a and b, respectively), the
diffuse scattering promoted by the free water prevented the clear identification of the crystalline
phases up to about 8 hours of hydration, as seen in the first two patterns of Figure 5.7a and
Figures C4 (a,b). This issue was also reported by Scherb et al. [48] for pastes with high wi/s
ratios. In general, the beginning of AFm formation was identified simultaneously with the
beginning of ettringite consumption as expected. The Na-ch-CzA and ort-ch-C3zA mixes with
both gypsum and hemihydrate incorporation formed U-phase as AFm, resulting from the
presence of sodium either from the C3zA composition (for ort- C3A) or from external addition
(for Na-cb-C3A), exemplified in Figures 5.7 (b,c,d). The presence of U-phase in these pastes
agrees with previous studies [27,30,31], which observed U-phase in CsA-gypsum pastes
hydrating at 0.25-1.0 M of NaOH (note that Na-cb-CsA is hydrating at a 0.99 M of NaOH

solution).

The U-phase (4Ca0 - 0.9A1,05 - 1.1S05 - 0.5Na,0 - 16H,0) belongs to the group of hexagonal
or pseudo-hexagonal layered structures (AFm), being similar to monosulfate but with Na
between the layers and has a higher interlayer distance [28,29,64]. The U-phase is formed in
the presence of SO3~ and Na* ions and a high alkaline medium [64]. The actual pH range that

leads to U-phase formation is still not clear.

The U-phase formation occurred similarly to that usually observed for monosulfate, i. e., after
the sulfate depletion, leading to a consumption of ettringite [11,33]. This ettringite consumption
Is expected from equilibrium conditions at the sulfate depletion since the U-phase also contains

S0~ content in its composition, but a lower content compared with ettringite.

In contrast, no AFm formation was identified in the cb-C3A_GYP and cb-C3A_HEM samples
for up to 48 hours (see Figure 5.7a and Figure C4a,d). Although the gypsum depletion was
identified at about 32-36 hours for these mixes (Figures 5.8a and 5.8d), the maximum ettringite
content (and subsequent conversion into AFm) generally occurred a few hours after the sulfate
depletion for the other mixes (Figure 5.8b,c,e,f). This is in line with the results reported by
Jansen et al. [8], who showed that ettringite formation depends on the coupled availability of
sulfur and aluminum (the latter, from C3A dissolution). In fact, a relatively low reduction in the
scale factor of C3A was observed within the first two days of hydration in the cb-C3A mixes
with both gypsum and hemihydrate, suggesting the low consumption of C3A and justifying the
lack of AFm formation during this period. The continuous ettringite formation after gypsum
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depletion happened even after the gypsum depletion (observed by XRD), suggesting the
presence of sulfate ions in the solution as observed by Jansen et al. [65].

Regarding the rate of hydration, the XRD results are in agreement with the calorimetry results.
For the samples with gypsum, the ort-C3A presented the earlier gypsum depletion occurring at
7.8 hours and the maximum of ettringite and beginning of U-phase formation at 11.2 hours.
The Na-cb-C3A_GYP presented gypsum depletion at 15 hours and U-phase formation at 35
hours. The cb-C3A GYP presented the later gypsum depletion at ~36 hours, and no AFm

formation was detectable up to 48 hours.

As for the replacement of gypsum with hemihydrate, the XRD results also corroborate with the
calorimetry data. This replacement led to a later start of sulfate depletion, and gypsum was still
present in the cb-C3A_HEM paste after 48 hours of hydration. The use of hemihydrate in the
Na-cb-C3A_HEM sample delayed the gypsum depletion by 17 hours and the U-phase formation
by 8.9 hours compared to the Na-cb-C3A-GYP sample. Finally, the use of hemihydrate instead
of gypsum in the ort-C3A paste led to a higher ettringite formation rate and anticipated gypsum

depletion by 0.4 hours and U-phase formation by 2.2 hours.
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Figure 5.38 — Key XRD patterns of in-situ measurement for the different C3A pastes with gypsum and
hemihydrate. Ett: ettringite, U: U-phase, Gyp: Gypsum, cb-CsA: cubic C3A, ort-CsA: orthorhombic C;A.
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Figure 5.39 — Relative scale factor evolution of the crystalline phases monitored by in-situ XRD: (A) cb-CsA-
GYP, (B) Na-ch-CsA_GYP, (C) ort-CsA_GYP pastes, (D) ch-CsA-HEM, (E) Na-cb-CsA_HEM, and (F) ort-
CsA_HEM pastes during the first 48 hours of hydration. The lack of data for (a) and (b) within the first hours is
explained in the text.

5.3.3 Thermogravimetric analysis (TGA)
Figure 5.9 presents the DTG curves of C3A pastes with gypsum and hemihydrate at 1 h, 1, 2,

and 3 d of hydration. Peaks related to the decomposition of ettringite (80-105 °C), gypsum
(120-160 °C), AFm phases (160-190 °C and 270-300 °C), and carbonates (600—750°C) are
observed [66]. Figure 5.10 shows the bound water content (in g/100g of paste) up to 3 days of
hydration.

At 1 hour, a peak between 240-260 °C was observed for all samples but was not present at 1,

2, and 3 days. This peak corresponds to the thermal decomposition of Al(OH)s and was also
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observed by Myers et al. [17] in cb-C3A, and ort-C3A pastes with gypsum at 8 minutes of
hydration. This phase was not detectable by XRD, which agrees with previous studies [17] that

reported that this phase is poorly crystalline.

Following the trends observed in calorimetry and in-situ XRD, the ort-C3A pastes reacted much
faster than the cb-CsA, and Na-cb-C3A pastes. At 1 hour, the ort-CsA pastes presented a higher
ettringite peak, a lower gypsum peak, and a higher bound water content than the cb-C3A pastes,
indicating its higher reactivity. Furthermore, at 1 day, it is already possible to identify AFm
peaks in ort-C3A. The ort-C3A reaction is almost complete at this age since no significant
changes were observed in TGA curves from 1 to 2 and 3 days, following the calorimetry and
XRD results.

NaOH also accelerated the CzA hydration, but only after 1 day (see Figure 5.10). At 48 hours,
the peak of gypsum dehydration is no longer present in the Na-cb-CsA pastes, and AFm peaks
appeared, which agrees with the calorimetry and XRD results. In ch-C3A pastes, the gypsum
peak is still present at 48 hours, which is also consistent with XRD results (see Figure 5.8). In
the cb-CsA_GYP sample, small AFm decomposition peaks are observed at 48 hours, although
no AFm was observed in XRD. This discrepancy might result from the low amount of AFm
phase at 48 hours in the cb-C3A samples and of the difficulty in identifying the AFm phases in
XRD due to their layered and poorly crystalline nature [43].

Regarding the replacement of gypsum with hemihydrate, the TGA results corroborate with the
calorimetry and XRD results. The initial hydration of cb-CsA and Na-cb-CzA with gypsum and
hemihydrate was very similar. However, after the first day, hemihydrate retarded the ch-C3A
and Na-cb-CsA hydration compared to gypsum (see Figure 5.10). In turn, the replacement of
gypsum with hemihydrate accelerated the ort-CsA hydration within the first day and was similar

afterward.
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Figure 5.40 — DTG curves of: (A) ch-C3A-GYP, (B) Na-ch-C3A_GYP, (C) ort-CsA_GYP pastes, (D) ch-CsA-
HEM, (E) Na-ch-C3sA_HEM, and (F) ort-C3A_HEM pastes at 1 h, 24 h, 48 h, and 72 hours of hydration.
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Figure 5.41 — Bound water content (g/100g of paste) of CsA pastes with gypsum and hemihydrate up to 72 hours
of hydration.

5.3.4 Rheometry
Figure 5.11 shows the rheological properties of the C3A pastes produced with gypsum, and

Figure 5.12 shows fresh pastes during the rheological tests. After 120 minutes, both mixes cb-
C3A_GYP and Na-ch-C3sA_GYP remained flowable (Figure 5.11a), while the ort-C3A_GYP
sample was flowable only until 70 minutes. After that, the shearing cycles could not be
performed since the sample was already stiff (Figure 5.11b). In turn, the hemihydrate-
containing samples lost their workability within the first 10 minutes of hydration when the first
shearing cycle was applied (Figure 5.11c); therefore, the rheological evaluation of these mixes
was not able to be performed. This is due to the hydration of hemihydrate and consequent
precipitation of gypsum -also observed in XRD results and SEM images (Figure C8)-, resulting
in the so-called “false set” [33,67].

For all the gypsum-containing mix, the yield stress and viscosity increased exponentially over
time (correlations with R2 of 0.92-0.98). This is consistent with that reported by Jakob et al.
[68], which attributed this phenomenon mainly to the change in the solid fraction with water
consumption and ettringite formation over time. In addition, the needle-like shape of ettringite
can increase the interparticle friction and hinder the flow, increasing the yield stress and the
viscosity [69,70].

For the cubic C3A pastes, this increase was relatively low up to 70 minutes due to the lower

ettringite formation within this period, as seen in the SEM images of Figure C5(a,b) and Figure
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C6(a,b). At 30 minutes of hydration, only a few ettringite crystals with tenths of a micrometer
were found. In turn, at 120 minutes of hydration, more ettringite crystals were found (Figure
C5(c,d) and Figure C6(c,d)), corroborating with the hypothesis of Jakob et al. [68]. The
presence of NaOH further increased the yield stress and viscosity of paste from 70 to 120
minutes, which can be explained by the higher reaction rate in the presence of such hydroxide
(discussed in Sections 5.3.1-5.3.3).

As for the ort-C3A_GYP paste, a significant amount of ettringite crystals can be found already
at 30 minutes of hydration (Figure C7(a,b)) due to the faster ettringite formation of
orthorhombic CsA in the presence of gypsum compared with cubic C3A, as observed by
calorimetry, XRD, and TGA, and as reported by previous studies [12,17,20]. This can explain
the several times greater yield stress and viscosity of the mix containing orthorhombic C3A than
those produced with cubic C3A even at 10 minutes of hydration. These results agree with the
results observed by Kirchheim et al. [10], who observed that the ort-C3A-GYP pastes presented
storage modulus (G’) three times higher (i. e., lower fluidity) than the cb-C3A-GYP pastes.
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Figure 5.11 — (A) yield stress and (B) Casson viscosity of C3A-gypsum pastes up to 120 min of hydration.

Figure 5.12 — Fresh pastes during the rheological tests. (a) cb-CsA_GYP after 120 minutes; (b) ort-CsA_GYP
after 120 minutes; (c) cb-CsA_HEM after 10 minutes.

5.4 DISCUSSION

5.4.1 The role of sodium on the hydration of CsA
As observed in this study and by several authors [12,17,20], pure ort-C3A reacts much faster

than cb-CzA in the presence of calcium sulfates. The reason for that is not apparent yet.
However, two main hypotheses exist to explain this behavior: (i) the dissolution of ort-CzA

releases sodium into the solution, increasing its alkalinity, which would destabilize the
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amorphous alumina layer preventing the adsorption of SO%~ and/or Ca-S ion-pair [16]; and (ii)
sodium-doping increases the solubility of the ring structures of Al;0}5~, which would impair
the formation of the Al-rich leached layer on the C3A particles, inhibiting the adsorption of
S03~ and/or Ca-S ion-pair [12,17]. The first hypothesis relates this behavior to the presence of

sodium in the solution, while the second relates it to the differences in the crystal structure.

As revealed by our calorimetry, in-situ XRD, and TGA, the external sodium incorporation (i.e.,
the addition of NaOH) did not significantly affect cb-CsA hydration in the first hours (up to 20-
24 hours) but enhanced it after that. In turn, the Na-doped C3A crystals (i.e., ort-C3A) had a
much higher hydration rate from the beginning, with almost all the C3A reacted within the first
day. From our results, hypothesis (i) looks unlikely since, in the Na-cb-C3A systems, all the
sodium was already dissolved in the solution, while the sodium of ort-CsA was gradually
released with its dissolution. Therefore, hypothesis (i) predicted that Na-ch-C3A to react faster
than ort-C3A, which was not validated experimentally. In turn, the predictions of hypothesis (ii)
agree well with our results: the much higher ort-CzA reactivity in sulfate-containing solution is

related to the difference in crystal structure rather than the presence of sodium in the solution.

The external addition of NaOH anticipated the onset of the second peak and increased the
second peak intensity. As observed in Figure C2, the NaOH amount did not impact the moment
of the onset, and all samples with NaOH presented the onset of the main hydration peak around
15 hours (i.e., = 10 hours earlier than the cb-C3A-GYP paste). However, the greater is the NaOH
amount (i.e., the higher the NaOH molarity), the higher is the main heat flow peak.

The anticipation of the onset of the second peak due to the NaOH is probably related to the
higher solubility of gypsum in NaOH highly alkaline solutions [71]. As observed by Ghorab
and Abou El Fetouh [71], gypsum dissolution increases with the increase of NaOH molarity up
to 0.05 M of NaOH and remains constant afterward. The higher solubility of gypsum in the
NaOH solution anticipates the gypsum depletion -as observed by XRD-, and therefore
anticipates the onset of the main heat flow peak -as observed by calorimetry. In addition, as all
solutions evaluated here had NaOH molarities higher than 0.05 M (0.24, 0.48, and 0.99 M),
gypsum solubility should be similar among these solutions according to the Ghorab and Abou
El Fetouh [71] results, which explains why the NaOH molarity did not impact the moment of

the onset of the main heat flow peak.
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In turn, the increase of the main heat flow peak intensity with the increase of NaOH molarity
indicates an increase in the AFm precipitation rate [11]. This is probably related to the amount
of Na* available for the formation of the U-phase (the only AFm observed in the Na-containing
samples). This would increase the rate of U-phase formation, as observed by the higher heat
flow peak in Figure C2, but probably did not alter the amount of U-phase formed by the end of
the 90 hours, as the cumulative heat was similar. The amount of U-phase formed is depended
on the relation between gypsum and CsA, and as was the same for all the samples, it did not

change. Further studies on this topic are encouraged to additional conclusions.

In both Na-ch-C3A and ort-C3A pastes, U-phase was formed instead of monosulfate after sulfate
depletion. This occurred because sodium was incorporated into the interlayer space of AFm.
The U-phase formation led to a decrease in the ettringite content, similar to what is observed
during the formation of monosulfate, and this was expected since the U-phase (4CaO -
0.9A1,05 - 1.1S05 - 0.5Na,0 - 16H,0) contains sulfate in its composition. Since there is no
more sulfate available in the solution, a portion of ettringite decomposed, releasing the sulfate

ions required for U-phase formation.

5.4.2 The effect of hemihydrate on the hydration of C3A polymorphs
The replacement of gypsum with hemihydrate did not have a great impact on the cbh-CzA but

delayed the sulfate depletion and the AFm phase formation of the Na-cb-CsA paste. In turn, for
the ort-CsA, the use of hemihydrate resulted in faster ettringite precipitation and earlier sulfate
depletion and U-phase formation when compared to the pastes with gypsum, as shown by
calorimetry, XRD, and TGA.

Porchet et al. [35] observed an acceleration in cb-CsA hydration when replaced gypsum with
hemihydrate (when using less than 15 wt% equivalents of gypsum by wt% of CzA amount). In
turn, they observed a delay in cb-C3A hydration when using higher amounts of calcium sulfate
(more than 15 wt% equivalents of gypsum by wt% of C3A). The reasons for that are still not

clear.

Pourchet et al. [35] have observed that the use of hemihydrate instead of gypsum in cb-CsA
pastes increases the concentration of Ca and SOg4 in the pore solution, leading to higher super
saturation degrees with regarding to the ettringite. As pointed out by the authors, according to
the classical nucleation theory, the frequency of nucleation increases with the increase of the

José da Silva Andrade Neto (josedasilvaandraneto@gmail.com). Porto Alegre: UFRGS/EE/PPGCI, 2021



104

supersaturation degree. Therefore, the higher solubility of hemihydrate may contribute to the
increase of ettringite nucleation, with a greater quantity of nuclei, accelerating the ettringite
formation and, thus, the sulfate consumption. However, the reason for this only accelerated the
sulfate depletion on ort-C3A and not on cb-CzA (at least at the gypsum/C3A ratio used here) is
not clear yet. Thus, further studies on this topic are necessary to fully understand the influence
of the sulfate source solubility on ch-C3A and ort-CsA hydration.

Finally, for all pastes, the use of hemihydrate resulted in early stiffing (the so-called false
setting) due to the formation of larger gypsum crystals in the first minutes, as observed by XRD
and SEM and also reported in previous studies. This might have important implications for
fresh PC concrete, as discussed in the next section.

5.4.3 Implications for fresh PC concrete
The much higher reactivity of ort-C3A in sulfate-containing solution, compared with cb-CsA

may lead to setting and/or rheology problems in fresh PC concrete. Furthermore, the higher rate
of ettringite formation and sulfate depletion may result in sulfate balance issues, leading to
undersulfated mixtures, negatively impacting the rheology and early strength of PC concrete.

However, note that there are essential differences between the pure phases -as those studied
here- and the phases present in commercial PC, such as the type of alkalis incorporated (in
commercial cements, K2O is usually incorporated in the C3A structure, while Na.O is generally
used for the synthesis of orthorhombic CsA in the laboratory); the incorporation of other ions
(such as Fe); different particle size distribution and surface area; and mainly the interactions
with other clinker phases needs to be kept in mind. Thus, although it is easier to isolate the
actuation mechanisms in pure phase systems, further studies with industrial clinkers with
different C3A polymorphs evaluating the sulfate balance, rheology, hydration, and strength are
necessary to understand the impact of ort-C3A on PC concrete fully.

Finally, the use of hemihydrate as the sulfate source may lead to early stiffing (i.e., false set)
due to its crystallization into gypsum, as observed in previous studies [67,72] and in the current
work, which impairs concrete application and performance. Therefore, the cement industry
must control the grinding process to avoid the transformation of gypsum into hemihydrate.
Furthermore, since hemihydrate intensifies ort-CsA reaction, it can also intensify the

application issues of ort-CsA previously discussed.
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5.5 CONCLUSIONS
This study has spread light to:

e The orthorhombic C3A presented faster ettringite precipitation in the first hours and a
much earlier sulfate depletion and AFm precipitation compared with cubic C3A. This is
probably related to the differences in crystal structure rather than the release of sodium
and the increase of solution alkalinity. The external addition of sodium (i.e., NaOH
incorporation) in cubic C3A paste anticipated the sulfate depletion and the new fast C3A
dissolution. However, it did not significantly influence the cubic C3A hydration in the
first 20-24 hours, while the orthorhombic C3A had almost entirely reacted by then.

e In pastes with cubic CzA + NaOH or orthorhombic C3A, U-phase was formed instead

of monosulfate after sulfate depletion, leading to a decrease in ettringite content.

e Orthorhombic CsA paste produced with gypsum presented viscosity and yield stress
values 10-20 times higher than those containing cubic C3A with and without NaOH, as
a result of its much higher reactivity and quick formation of larger ettringite crystals in

the first minutes.

e The replacement of gypsum with hemihydrate (in an SO3/C3A ratio of 0.29) did not
significantly influence cb-CsA hydration. However, the use of hemihydrate instead of
gypsum retarded Na-cb CsA hydration, delaying the sulfate depletion and AFm
formation. In contrast, it had an opposite effect on the hydration of orthorhombic C3A,
increasing the ettringite formation rate and anticipating the sulfate depletion and AFm

formation.

e The use of hemihydrate in pastes with either cubic or orthorhombic CzA resulted in
early stiffing (the so-called false set) within the first 10 minutes due to the hydration of

hemihydrate and precipitation of larger gypsum crystals, making it lose workability.

Future studies comparing the pore solution composition and pH of the orthorhombic C3A and
cubic C3A hydrating at NaOH solutions are encouraged to fully understand the main mechanism
responsible for the higher ettringite precipitation and early sulfate depletion of orthorhombic
C3A. In addition, future studies with industrial clinkers should address the implications of the

difference of C3A polymorphism on the PC properties (sulfate balance, rheology, hydration,
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and strength). The impact of the solubility of the calcium sulfate on cubic and orthorhombic
C3A needs more studies to clarify its mechanisms. Finally, more studies regarding the U-phase

are necessary.
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Chapter 6
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6 HYDRATION AND INTERACTIONS BETWEEN C3:S AND CsA
POLYMORPHS IN THE PRESENCE OF DIFFERENT CALCIUM
SULFATES

ABSTRACT

This research studied the hydration of C3S-CsA-calcium sulfate systems made of combinations
of two CsS (triclinic pure CsS and monoclinic Al-doped C3S), two C3A polymorphs (cubic and
orthorhombic), and two calcium sulfates (gypsum and hemihydrate). For each system, the
hydration of four different SOz contents (0.25-2.0 wt%) was assessed by calorimetry. The
optimum SOs3 content was fixed from calorimetry results, and the mixtures were evaluated by
in-situ XRD and TGA. The type of C3S was the factor that most affected the sulfate balance of
the systems. The mixes with Al-C3S produced a higher amount of ettringite in the first hours,
resulting in much earlier sulfate depletions when compared to the mixes with C3S. The mixes
with ort-C3A also showed faster sulfate depletion due to its higher reactivity compared with cb-
CsA. Finally, the replacement of gypsum by hemihydrate resulted in faster sulfate depletion

caused by the higher hemihydrate solubility.

Keywords: C3S; C3A; Calcium sulfate; Polymorphism; Hydration.
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6.1 INTRODUCTION

Calcium sulfate, such as gypsum and/or anhydrite, is added to the Portland clinker to control
the CsA hydration and prevent flash set [1]. In addition, the amount of calcium sulfate added
needs to be enough to delay the renewed hydration of C3A until after the main CsS hydration
peak. Otherwise, the CsS hydration is hindered, negatively affecting the early strength of
Portland cement (PC) concrete [1]. However, if an excess of sulfate is used, the mechanical
strength decreases [1-4], and durability problems with delayed ettringite formation (DEF) in
pastes cured at high temperatures may occur [5,6]. Thus, there is an optimum sulfate content in
which the mixture presents the lowest shrinkage and highest compressive strength without
causing problems of quick setting and DEF. In a properly sulfated cement, the calcium sulfate
depletion and the renewed hydration of C3A occur after the main CsS hydration. Therefore,
factors interfering in sulfate’s supply or consumption will affect the optimum sulfate content
[1,7]. Sulfate ions are mainly supplied by calcium and alkaline sulfates dissolution and

consumed by the ettringite formation and C-S-H adsorption [1].

Zunino and Scrivener [7] showed that increasing CsS and CzA fineness — and consequently
their reactivities — increases the C-S-H and ettringite formation and increases the optimum
amount of calcium sulfate. In addition to their fineness, the polymorphism and ion doping of
CsS and C3A also change their reactivities [1,8-14]. However, to the best of the authors’
knowledge, no systematic study regarding the CsS and CsA polymorphism on the optimum
sulfate content was reported. The correct understanding of the influence of polymorphism or
ion doping on the optimization of sulfates is essential to ensure that the cements meet

performance requirements.

The incorporation of aluminum in CsS decreases its reactivity [8-11]. With aluminum-doped
CsS (Al-CsS) dissolution, the aluminum ions are released in the solution, which is known to
retard CsS hydration [10,15-17]. The reason for that is not clear, but it may be related to the
formation of C-A-S-H, which according to some authors [10,16] is not a good substrate for the
C-S-H growth as the C-S-H nuclei itself, or it may be related to the condensation of aluminum-
silicate species at C3S surface [15,17]. Either way, the delay in the CsS hydration decreases the
amount of C-S-H formed in the first days and tends to reduce the amount of sulfate consumption
due to adsorption by C-S-H. However, the aluminum coming from Al-CsS dissolution may
contribute to ettringite formation. Although, as pointed out by Jansen et al. [18], it is not yet
clear if the aluminum coming from the alite/Al-CsS plays a role in the sulfate demand or not.
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Therefore, the incorporation of aluminum in C3S may change the optimum sulfate content of
cement, but which phenomenon is predominant (i.e., lower sulfate adsorption by C-S-H or

higher sulfate consumption by ettringite formation) is still not known.

Regarding the aluminates, the polymorphism of CsA depends on the sulfate/alkali balance
during clinker production, and therefore the alkali content incorporated in the C3A structure. In
industrial Portland clinkers, the C3A may be present as cubic (cb-C3A) and/or orthorhombic
(ort-CsA) polymorphs [19,20], depending on the raw materials and fuel used. Despite forming
the same hydration products (ettringite and AFm phases), ort-C3A reacts much faster than cb-
CsA in the presence of calcium sulfate [12—14]. This will probably influence the sulfate balance
in the PC hydration, but no study regarding this has been published to date, and there is a gap

on this topic.

Finally, during cement milling, gypsum (CaSO4-2H>0) may dehydrate into hemihydrate
(CaS04-1/2H20) and/or soluble anhydrite (CaSO4), which are much more soluble than gypsum
or natural anhydrite [21,22]. As shown by previous studies, gypsum delays the initial hydration
of CsS, prolonging the induction period, but enhances afterward, resulting in higher main heat
flow peaks. However, no studies regarding the effect of hemihydrate on C3S have been
conducted yet. In relation to CsA, as showed by Andrade Neto et al. [14], the replacement of
gypsum with hemihydrate did not significantly influence cb-CsA but accelerated ort-CsA
reaction. The authors used only one sulfate/C3A ratio, and the effect of different
gypsum/hemihydrate content on the cb- and ort-CsA hydration need further studies to

understand better their impact on the sulfate balance of Portland cements.

Zunino and Scrivener [7] studied the T1-C3S/ch-C3A systems and reported that the use of
hemihydrate instead of gypsum resulted in higher ettringite precipitation until the renewed
hydration of C3A. This occurs due to the faster dissolution rate of hemihydrate than gypsum,
resulting in more sulfate ions in the pore solutions [7]. The higher ettringite precipitation leads
to an earlier sulfate depletion, increasing the sulfate demand of the mixtures. However, how
this change in sulfate source will influence the sulfate balance of systems with Al-C3S or with
ort-C3A, which have quite different reactivities than CsS and cbh-CzA, is an important question

to answer.

The objective of the present study is to evaluate the influence of the aluminum doping CsS, the
C3A polymorph, and the calcium sulfate type on the hydration and sulfate demand of the system
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and their interactions. Additionally, it is studied the effect of calcium sulfate composition
(gypsum/hemihydrate) on the Cs3S and AI-C3S hydration and the effect of different
gypsum/hemihydrate contents on the cb-CzA and ort-C3A hydrations. First, the hydration of
the CsS and CzA polymorphs (alone and in the presence of gypsum or hemihydrate) was
evaluated separately through isothermal calorimetry. Then, mixtures of both types of C3S and
CsA in a constant C3S/C3A ratio of 92/8 were produced with four different contents of gypsum
or hemihydrate and were also evaluated by calorimetry. An optimum SO3z content was fixed

from these results, and the hydration of the mixes was evaluated by in-situ XRD and TGA.

6.2 MATERIALS AND METHODS

6.2.1 Materials
Powder samples of CsS, aluminum-doped C3S (AI-CsS), cubic CsA (ch-CzA), and

orthorhombic C3A (ort-C3A) were acquired from Mineral Research Processing Cie (MRPC,
France). The CsS and Al-CsS were synthesized at MRPC by heating a stoichiometric mixture
of reagent grade CaCOs3 and SiO; at around 1450°C. Cbh-C3A and ort-C3A were synthesized by
heating twice at 1350°C, a stoichiometric mixture of calcium carbonate (CaCO3) and alumina
(Al203). For the ort-C3A, sodium carbonate (NaCOs3) was also used. High purity (>96 wt%)
natural gypsum (CaS0Oa4-2H20) and hemihydrate (CaSO4-1/2H,0) were used as calcium sulfate
sources. Hemihydrate was prepared by heating the gypsum at 100 °C for 48 hours. Details about
elemental composition and mineralogy have been reported elsewhere [11,14] and are presented
in the Supplementary Materials (Tables D1 and D2). The CsS is mainly consisted of triclinic
(T1) CsS (95.7 wt%), while the Al-CsS has 98.7 wt% of monoclinic (M1) CsS. The CsS does
not have aluminum in its composition, while Al-CsS has 0.8 wt.%. Cub-C3A has 96.9% of cubic
CsA, while ort-CsA has 94.4 wt.% of orthorhombic CsA and 5.6 wt.% of cubic CsA. Finally,
the gypsum and the hemihydrate are 96.1 wt.% and 97.2 wt.% pure.

Figure 6.42 shows the particle size distribution with details of BET surface area, Dv1o, Dvso and
Dvgo as an inset. The particle size distribution was determined by laser diffraction, using a PSA
1090 equipment from Anton Paar (Graz, Austria), using isopropanol as the dispersant, and
considering Mie theory [24]. The BET surface area was determined using an ASAP 2420

equipment from Micromeritics (Georgia, USA).
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Figure 6.42 — Particle size distribution of the raw materials.

6.2.2 Methods

6.2.2.1 Mixture proportions and sample preparation

Firstly, the hydration of C3S and Al-C3S alone and in the presence of gypsum or hemihydrate
were evaluated by isothermal calorimetry (see section 6.2.2.2). For this purpose, a water-to-
solid ratio of 0.50 by mass was used. In the mixes with gypsum or hemihydrate, the C3S was
replaced with the amount of calcium sulfate to result in an SOs content of 1.5 wt% (= 3.22 wt%
of gypsum or ~ 2.81 wt% of hemihydrate). This SOs content was chosen as the one that resulted
in properly sulfated C3S/C3A mixes (see Section 6.3.1.2) and used to analyze the three-phase

systems.

The hydration of cb-C3A and ort-CzA, alone and in the presence of gypsum or hemihydrate,
were also assessed by calorimetry. A water-to-solid ratio of 1.0 by mass was used for these
mixes because it is enough to hydrate the C3A fully and provide good workability. Different
amounts of calcium sulfate were used, resulting in mixtures with SO3-to-C3A ratios of 0, 0.03,
0.06 and 0.12 by weight (=0, 5.9, 11.6, and 21.4 wt% of gypsum or = 0, 5.2, 10.3, 19.2 wt% of
hemihydrate). These values were chosen as corresponds to the SO3-to-C3A ratios of the binary
mixes with 0.25%, 0.50% and 1.00% of SOa.
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Mixtures of CsS (CsS or Al-C3S) with C3A (cb-C3A or ort-C3A) and different amounts of
gypsum or hemihydrate were evaluated. The C3S/C3A ratio was fixed at 92/8 by weight, which
is the same ratio used by Zunino and Scrivener [7] and Quennoz and Scrivener [27] and is
similar to the ratio usually found in Portland cement clinkers. The water/solid ratio of all
mixtures was kept at 0.50 by weight. Firstly, the hydration of C3S/C3A systems with four
different contents of calcium sulfate (gypsum or hemihydrate), totalizing 32 mixtures, was
evaluated by isothermal calorimetry. From these results, a 1.5 wt% SOz content was fixed for
all the mixtures for the other analysis, i.e., in situ XRD and TGA (see sections 6.2.2.3 and
6.2.2.4, respectively). This content was chosen since none of the C3S/C3A systems was
undersulfated on this level of sulfates (for more details, see section 6.3.1.3).

For the preparation of the pastes, 2 g of anhydrous materials (CsS, C3A, and calcium sulfate)
were previously manually mixed in an agate mortar for 10 minutes, subsequently mixed with
distilled water at 350 rpm for 2 minutes using a rotational mixer. For the calorimetry analysis,
the mixing procedure was conducted in the glass ampoule used in the test. The plastic rod was
left inside the glass ampoule to minimize the loss of material during mixing. The mixing
procedure and insertion of glass ampoule in the calorimetry took less than 3 minutes after the
initial contact with the water. For the TGA and in-situ XRD tests, the mixes were prepared in
plastic vessels. For the TGA analysis, the paste remained inside the hermetically closed vessels

until the hydration stoppage.

The hydration of the pastes was stopped at 8 hours, 1, 3, and 7 days for the TGA. The pastes
were first ground to a fine powder using an agate mortar. Then, ~0.5 g of each paste was mixed
with 25 ml of isopropanol for 30 minutes while stirring. In the sequence, the sample was filtered
at a low vacuum through a nylon filter with a 15 pum opening for 10 minutes and dried in an

oven at 40°C for another 10 minutes.

6.2.2.2 Isothermal calorimetry (IC)

For the IC analyses, an eight-channel Thermal Activity Monitor of Tam Air, TA Instruments
(New Castle, DE, USA) was used. The pastes were mixed ex-situ but inside the glass ampoule,
as described in item 2.2.1. A glass ampoule with distilled water was used as the reference. The
amount of distilled water was defined according to Wadso [28] to obtain a similar heat capacity
of C3S/C3A pastes. The heat flow (thermal power, in mW/g of solids) and the cumulative heat
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(integral of thermal power, in J/g of solids) were recorded up to 48 hours at 22 °C for all the
pastes.

6.2.2.3 Thermogravimetry analysis (TGA)

The TGA of the pastes at 8 hours, 1, 3, and 7 days were performed in a TGA 2 analyzer from
Mettler Toledo (Columbus, Ohio, USA). The samples were placed in open platinum crucibles
under airflow, and the temperature varied between room temperature (RT) and 1000°C with a

heating rate of 10 °C/min.

From TGA results, the bound water and the portlandite contents were determined. After
stopping the hydration, the bound water of the pastes after stopping hydration content was
assigned to the weighed loss from RT to 550°C. Eq. 6.1 calculates the actual bounded water

and Eq. 6.2 determines the amount of free water [29].

BW, -CM
BW = ATD (6.1)
FW = TW — BW (6.2)

Where BW corresponds to actual chemically bound water content; BWatp is the mass loss
measured between RT and 550°C from TGA curves; CM is the cement (C3S + C3A + calcium

sulfate) content; TW is the total water content added (all the numbers in weight percentages).
Also, the portlandite content was determined by Eq. 6.3 [30].

Mca(0H), (6.3)

Ca(OH)Z,measured = WLCa(OH)z ) My, o
2

Where WL, on), is the weight loss due to the evaporation of water, obtained by the integration
of DTG peak located in the temperature range from ~400 to ~500 °C using the tangential method
[30]; mca(omy, is the molecular mass of portlandite (74 g/mol); and my, o is the molecular mass

of water (18 g/mol).

The total mass of solids increases with C3S/C3A hydration progress, as free water is bound into
hydration products. Therefore, the portlandite content obtained by TGA was normalized per

100 g of paste according to Eq. 6.4.
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(100 — FW) (6.4)

Ca(OH)Z,rescaled = Ca(OH)Z,measured ’ 100

Where Ca(OH); rescaleq IS the portlandite content in g/100 g of paste; Ca(OH); measureq 1S the
portlandite content obtained by TGA; and FW is the free water content determined by TGA
according to Eq. 6.2.

6.2.2.4 In-situ X-ray diffraction (In-situ XRD)

In-situ XRD was conducted using an X’Pert Pro (PANalytical) diffractometer operating at 45
KV and 40 mA, equipped with an X’Celerator detector with an active length of 2.122°. The
following experimental setup was used: Bragg—Brentano 6-260 geometry with a 240 mm radius
goniometer; CuKa radiation with a wavelength of 1.5418 A; a 0.04 rad Soller slit, a 10 mm
beam mask, a 1° fixed anti-scatter slit, and a 1/2° fixed divergence slit on the incident beam; a
5.0 mm fixed anti-scatter slit, a 0.04 rad Soller slit, and a 0.020 mm Ni filter on the diffracted

beam; and knife-edge at the first division.

For this analysis, scans were recorded at the range from 7 to 55° 26 with a counting time of
24.76 seconds per step, totaling about 10 minutes per scan. The fresh sample was placed on the
sample holder and immediately covered with a Kapton film to prevent water loss and
carbonation. The measurements started 30 minutes after the first contact between the water and
the dry materials and were recorded for up to 48 hours. Three samples were tested alternatively,
placed at an X-ray beam automatically by a robotic arm, providing an XRD pattern for each
sample every 30 minutes. Immediately before each 48-hour measurement set, a corundum (a-
Al>O3) sample covered with Kapton was measured in the same testing conditions to be used as

an external standard.

Rietveld quantitative phase analysis (QPA) was conducted using TOPAS v.5 software [31], and
the crystallographic information files used are detailed in Table 6.1. All the XRD patterns of
each mix were refined together, and the same refinement steps were applied for each group of
patterns (i.e., for each mix). The refinement of in-situ XRD data is somehow delicate since it
deals with simultaneous amorphous contributions (e.g., C-S-H, free water and Kapton film),
besides analyzing several files and phases simultaneously. Thus, using an adequate refinement
strategy is essential due to two main reasons: (i) a good strategy improves the robustness of the
analysis and reduces the chances of drifting; and (ii) a well-defined script improves the
consistency of the analysis for different operators or for a sequence of patterns related to the
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same starting material (e.g., atime-dependent series) [32]. The steps used for C-S-H, free water,
and Kapton film phase model creation and the refinement strategy conducted in this work are

detailed in the Supplementary Material, while Figure 6.43 and Figure D1 illustrate fitted in-situ
XRD patterns.

5000
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10 15 20 25 30 35 40 45 50 55
20 (°) [CuKa]

Figure 6.43 — Example of fitted in-situ XRD pattern (for Al-C3S_ch-C3A_GYP at 48 hours of hydration).

The absolute weight fraction of each crystalline phase was determined by the external standard
method [33] using the G-factor approach (Egs. 6.5-6.6) [34]. The corundum sample covered
with Kapton was used as an external standard for this purpose. The mass absorption coefficient

(MAC) of the paste was calculated from the chemical composition of the powder fraction and
the water MAC.

V2
Wi = Si plGl ‘Ll* (65)
sV s
G=S 6.6
s T (6.6)

where W is the weight fraction of the phase (i) or the standard (s), in wt%; S is the refined scale
factor of the phase (i) or the standard (s); p is the density of the phase (i) or the standard (s), V
is the unit cell volume of the phase (i) or the standard (s) in A3; and p is the MAC of the sample
(*) or the standard (s), in cmz2/g. The density and unit cell volume of each phase are presented
in Table 6.1, and the MAC of the raw materials and pastes are presented in the Supplementary
Materials (Tables D1 and D3).
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The weight fraction of C-S-H was calculated using the mass balance given by Eq. (6.7) [37,38]
together with the factor F given by Eq. (6.8) [35], where C = CaO; S = SiO2; and H = H20.
Firstly, the expected amount of C-S-H formed after 48 hours was calculated from the amount
of alite consumed at this age (i.e., the difference between the initial amount added and that
determined by XRD after 48 hours) using Eq. (6.7). Then, factor F was determined using Eq.
(6.5); by setting Wi equal to the C-S-H content yielded by the stoichiometric calculation and
knowing the G and p* terms, the only unknown part of Eq. (6.5) is p-V?, i.e., the factor F. The
calibration of factor F with the last measurement of each in-situ sample resulted in an F =
1.11+0.03x10* g-cm3 (average +standard deviation). It is stressed that the stoichiometry of C-
S-H is not well defined, but since alite is the only silicate in the system, it seems reasonable to
assume the mass balance of Eq. (6.7). The stoichiometry of C-S-H was considered as C1.8SHa.0,
which is the average composition of C-S-H formed by the CsS hydration according to Cuesta
etal. [37,38].

CS+52H > C18SH40+ 1.2 CH (6.7)
F=p.\V2 (6.8)

Table 6.16 — Crystallographic information files (CIFs) used for Rietveld QPA.

Phase ICC(EE voLIJSrir:eC?g@) %323:%’ Reference
CST1 4331 2167.64 3.148 Golovastikov et al. [39]
CsS M1 2175.02 3.138 de Noirfontaine et al. [23]
CsA cubic 1841 3557.89 3.027 Mondal and Jeffery [40]
CsA orthorhombic 1880 1790.35 3.018 Nishi and Takeuchi [41]
Portlandite 15471 54.49 2.260 Petch [42]
Ettringite 155395 2345.34 1.780 Goetz-Neunhoeffer and Neubauer [43]
Gypsum 151692 496.25 2.304 de la Torre et al. [44]
(HSr?lﬁ?/rg:Zte) 69060  1060.51 2.727 Bezou et al. [45]
Hemicarbonate 263124 1410.15 1.900 Runcevski et al. [46]

Note.: The unit cell volume and density values for both CsS and CsA polymorphs, gypsum and bassanite were
refined in dry samples, while those for portlandite, ettringite and hemicarbonate correspond to the theoretical
values from the CIF files.
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6.3 RESULTS

6.3.1 Isothermal calorimetry

6.3.1.1 Effect of the calcium sulfate source on C3S and Al-CsS hydration

Figure 6.44a and b show the heat flow and cumulative heat curves of the C3S and Al-CsS pastes,
respectively, without calcium sulfate and with gypsum and hemihydrate (1.5 wt% SOs3), within
the first 48 hours of hydration. Comparing the mixtures without calcium sulfate, C3S hydrated
much faster than the Al-C3S, generating a higher heat flow peak and higher cumulative heat at
48 hours. These results agree well with previous studies [8-10] and are probably due to the
effect of aluminum ions in solution leading to a delay and suppression of CsS hydration. In
addition, the greater particle size of Al-CsS (see Figure 6.1) probably contributed to the lower
reactivity of this phase.

The addition of gypsum had similar effects in both C3S and Al-C3S hydration: a slight initial
delay, prolonging the induction period, but an enhancement afterward, increasing the main heat
flow peak. This agrees with previous studies which evaluated the hydration of CsS in the
presence of gypsum. The initial delay is probably related to the adsorption of sulfate ions in the
CsS surface, delaying its dissolution [17,47]. In turn, the enhancement in the main hydration
peak is a result of a change in the C-S-H morphology and of the increase in the ionic strength

of the pore solution [11].

The hemihydrate had a very similar effect to gypsum on both C3S and Al-C3S. Therefore, it is
observed, for the first time, that the solubility of the calcium sulfate does not seem to impact
the effect of calcium sulfate on CsS hydration. Despite the gypsum- and hemihydrate-
containing mixes presenting similar heat flow and cumulative heat curves, the latter had a small
heat release peak between 30 minutes and 2 hours. This peak is related to the hydration of
hemihydrate and the precipitation of gypsum crystals, confirmed later by the in-situ XRD
results, which showed gypsum in the hemihydrate-containing mixes already at 30 minutes of
hydration (see Section 6.3.2). Consequently, the cumulative heat curves of the mixtures with
hemihydrate were slightly higher than those with gypsum.

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates
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Figure 6.44 — Heat flow curves (solid lines) and cumulative heat curves (dashed lines) of the (A) CsS and (B)
Al-Cs3S pastes during the first 48 hours of hydration.

6.3.1.2 Effect of the calcium sulfate source on cb-C3A and ort-C3A hydration

Figure 6.45a and b show the heat flow and cumulative heat curves of cub-CsA and ort-C3A,
respectively, without calcium sulfate and with different levels of gypsum and hemihydrate
(SOs/CsA ratios of 0.03, 0.06, and 0.12) during the first 90 hours of hydration. Without calcium
sulfate, cb-CsA reacted much faster than ort-CsA, presenting a higher heat released in the first
48 hours. This behavior was also observed in previous studies [12,13,49].

The addition of calcium sulfate (as gypsum or as hemihydrate) delayed both cb- and ort-C3A
initial hydration. However, this retard effect was much stronger on cb-C3sA. The cb-C3A mixes
with 0.03, 0.06 and 0.12 presented induction periods of 4.2, 5.0, and 11.0 h, when gypsum was
used, and of 6.0, 6.4, and 14.8 h, when hemihydrate was used. In turn, despite calcium sulfate
retarding the initial ort-C3A hydration, as can be observed by the lower heat release in the first
hours, all mixtures with gypsum or hemihydrate presented higher cumulative heats than the
reference sample after 8.5 hours of hydration. Similar behaviors were observed by several
authors [12-14,25]. The lower retarding effect of calcium sulfate in ort-C3A hydration
compared with the cb-CsA hydration happens because the sodium-doping of ort-CzA increases
the solubility of Al,013, preventing the formation of the Al-rich leached layer on the CsA
particles, inhibiting the adsorption of S?- and/or Ca—S ion-pair that are responsible for the delay
in cb-CsA hydration [13,14].

Interestingly, the hemihydrate seems to be more effective in retarding the ort-CsA hydration in

the SO3/CsA ratios tested. This is contrary to what was observed by Andrade Neto et al. [14],
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in which the replacement of gypsum by hemihydrate led to an acceleration in the ort-CzA
hydration when using a much higher SOs/C3A ratio (0.29). The reasons for that are not clear

yet and further studies are necessary.

Figure 6.45 — Heat flow curves (solid lines) and cumulative heat curves (dashed lines) of the (a) ch-CsA_GYP,
(b) cb_Cs3A-HEM, (c) ort-CsA_GYP and (D) ort-C3A_HEM pastes during the first 48 hours of hydration.
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6.3.1.3 Effect of the SOz content on C3S/C3A systems
The heat flow curves of the C3S/C3A pastes with different contents of gypsum or hemihydrate
are presented in Figure 6.46. The silicate, aluminate, and hemihydrate hydration heat flow peaks

are indicated.

By comparing the hydration of the C3S/CsA/calcium sulfate systems (Figure 6.46) with the
CaS/calcium sulfate systems (Figure 6.44), it is possible to see that in undersulfated mixes (i.e.,

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates
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when the sulfate depletion and the renewed hydration of CsA occur earlier than the main CsS
hydration peak), the hydration of both C3S and Al-CsS was retarded and suppressed. This agrees
with previous results [7,27,48], and probably occurs due to the earlier C3A dissolution, releasing
a significant amount of aluminum into the solution. As discussed in Section 6.3.1.1, aluminum
retards and suppresses the C3S hydration — whether due to the formation of alumino-silicate
species on the C3S surface, hindering its dissolution, or due to the C-A-S-H formation. In turn,
in the proper sulfated mixes (i.e., when the sulfate depletion and the renewed hydration of CzA
happens after the main CsS hydration peak), the C3S and Al-CsS hydration occurred as in the
CsS/calcium sulfate mixtures, with the maximum heat flow peak happening around 8 hours. In
the proper sulfated mixes (> 0.50% SOz for the C3S mixes and 2.0% SO3 for the Al-C3S mixes),
the C3A polymorphism does not seem to significantly influence the C3S or Al-CsS hydration
rate. For these mixtures, regardless of the CsA type, the induction period length and the silicate

peak are very similar, indicating very similar CsS hydration rates.

As for C3A, the time for the renewed hydration of cb-CzA occurred much earlier in the three-
phase systems with the Al-C3S (Figure 6.5) than in the C3A pastes (Figure 6.4) even for the
same SO3/C3A ratios. One can note the time of occurrence of the aluminate peak (indicated as
Ap) in Figure 6.5(c,d) is around 4-5 hours for the mixes with 0.5 wt%SOs and around 8-10
hours for the mixes with 1.0 wt%SQOsz. In turn, for the cb-C3A_(GYP, HEM) pastes (see Figure
6.4), the time for the aluminate peak is around 7-8 hours and around 12-14 hours for the mixes
with the SO3/C3A ratios of 0.06 and 0.12 (which corresponds to the same SO3/C3A ratios of the
three-phase systems with 0.5 wt% and 1.0 wt% of SOs). This happens in the mixes with Al-CsS
as the higher aluminum content in the solution (released from AI-CsS dissolution) increases
ettringite formation and, consequently, accelerates the sulfate depletion (as confirmed by in-
situ XRD, see Section 6.3.2). Interestingly, the ort-CsA presented slower hydration in
C3S/CzA/calcium sulfates when compared to the ort-CsA/calcium sulfates pastes. The ort-CsA
hydration is significantly influenced by the bulk composition of the pore solution [13], and the
presence of CsS seems to retard its reaction. Further analyses on this topic are necessary.

The type of CsS was the major fact influencing the sulfate balance of the system. For the mixes
with CsS (Figure 6.46a-d), 0.5 wt%SOs was already enough to result in properly sulfated
mixtures, i.e., that the renewed C3zA hydration occurred after the main CsS hydration peak. In
turn, for the mixes with Al-CsS (Figure 6.46e-h), 1.5-2.0 wt%S0O3 was required to reach the

proper sulfate content. This happens because a higher concentration of aluminum into the pore
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solution is expected in the mixes with Al-CsS, resulting in higher ettringite formation and
sulfate consumption (as confirmed by in-situ XRD, see Section 6.3.2).

The CsA polymorphism also influenced the sulfate balance of the system but to a less extent.
Also, the effect of C3A polymorph on sulfate balance depends on the wt% SOs content. On the
one hand, for the mixes with 0.25 and 0.5 wt%S0O3, the mixes with cub-CzA presented sulfate
depletion and renewed hydration of C3A earlier than those with ort-C3A, increasing the sulfate
demand of the system. On the other hand, for the mixes with 1.0 wt%SQO3 or more, the opposite
behavior was observed, i.e., the mixes with ort-CzA present earlier sulfate depletion and
renewed hydration of C3A. This apparent discrepancy might be due to the differences in cb-
C3A and ort-C3A hydration, which depends on the sulfate level, as observed and discussed in
Section 6.3.1.2. For sulfate-free solutions, ch-C3A hydrates faster than the ort-CsA. However,
the addition of calcium (gypsum or hemihydrate) retards the CsA hydration much more
efficiently than the ort-C3A hydration (see Figure 6.4). Therefore, for the three-phase mixes
with 0.25 and 0.50 wt%SO3 (SO3/CsA ratio of 0.03 and 0.06, respectively), the very low sulfate
content was not enough to retard the cb-CsA hydration and make it slower than the ort-CsA
hydration. Finally, 1.0 wt%SO3 (SO3/C3A ratio of 0.13) seems to be enough to make the cb-
CsA reaction slower than the ort-CsA reaction.

Regarding the calcium sulfate source, the mixes with hemihydrate presented earlier sulfate
depletion and renewed hydration of CsA than the mixes with gypsum, which agrees with
previous results [7]. This was expected since hemihydrate is more soluble than gypsum [21,22],
resulting in higher sulfate concentrations in the pore solution, which lead to higher ettringite
formation (as confirmed by in-situ XRD, see Section 6.3.2) and anticipating the sulfate
depletion. The calcium sulfate composition did not influence the C3S and the Al-CsS hydration
in the proper sulfated mixes, which corroborates with the C3S pastes results (Section 6.3.1.1)
that showed that gypsum and hemihydrate led to very similar effects on CsS and Al-CsS
hydrations.

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates
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Figure 6.46 — Heat flow curves of the pastes with different gypsum and hemihydrate contents during the first 48

hours of hydration. The solid lines indicate the mixes with cb-CsA and the dashed lines represent the mixes with

ort-CsA. The moment of the occurrence of the Aluminate peak (Ap), Silicate peak (Sp), and the peak related to
the hydration of hemihydrate into gypsum (Hem) are indicated.

6.3.2 In-situ X-ray diffraction (XRD)
Figure 6.47 shows the XRD patterns of each mix at 0.5 and 48 hours of hydration. All the mixes

had 1.5 wt% SOz as according to the calorimetry results at this sulfate content, none of the
mixes was undersulfated (except for the Al-C3S_ort-CsA_HEM it was slightly undersulfated).
No bassanite (i.e., crystalline hemihydrate) was found in hydrated pastes, indicating that it
quickly converted into gypsum before the first XRD measurement, before 30 minutes. This is
in line with that reported by Jakob et al. [52], Jansen et al. [53], and Garcia-Maté et al. [54],
which observed this phenomenon before 10-20 minutes of hydration in Portland cement pastes
and also supported by Andrade Neto et al. [14] who observed the hydration of hemihydrate into
gypsum in the first 30 minutes in C3A pastes.
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The mixes with AI-CsS (i.e., 3, 4, 7, and 8) showed ettringite peaks at 0.5 hours, especially at
9.1° 20. In addition, the Al-C3S_(cb,ort)-C3A_GYP mixes (i.e., 3 and 4) had virtually no
gypsum traces at the first measurement, while the C3S_(cb,ort)-C3A_GYP mixes (i.e., 1 and 2)

showed gypsum peak at 11.6° 20.

Regarding the hydration of the aluminates, the mixes with CsS (i.e., 1, 2, 5, and 6) showed
evident C3A peaks after 48 hours of hydration (at around 33° 26). Those mixes produced with
cubic C3A (i.e., 1 and 5) had practically no change on the relative intensity of such C3A peak,

indicating the low consumption of this phase along the first two days of hydration.
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Figure 6.47 — Selected ranges of the XRD patterns of the mixes at 0.5 and 48 hours of hydration. (a) 8-24° 26
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were vertically shifted for visualization, but the relative intensities (in linear scale) were not changed. The
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Figure 6.48(a-h) presents the phase content over time determined by XRD-Rietveld QPA and

the heat flow within the first 48 hours of hydration. Regarding the silicates, all the mixtures

showed very similar behavior. The CsS content was approximately constant (considering the

intrinsic deviations in Rietveld quantification) during the first = 4 hours, up to the end of the

induction period. At the beginning of the acceleration period, the C3S contents start to reduce,

indicating its dissolution, while C-S-H and portlandite begin to form, which agrees with

previous studies [52,53]. The C3S dissolution and the C-S-H and portlandite formation initially

presented faster rates but slowed down after the main heat flow peak. The lower C3S dissolution

rate can explain the decrease in the rate of heat release in IC curves.

As for the aluminates, for all the mixes, it was observed an extremely fast initial C3A dissolution
(with approximately 50% of the CsA dissolving within the first 30 minutes — before the first
XRD measurement) and then its content remains virtually constant. Ettringite was formed in

the first minutes (already detected in the first XRD scan), and its content kept increasing in the
first hours, associated with gypsum dissolution. After 6-16 hours (varying from mix to mix),
gypsum depletion is observed. From this point on, the mixes with Al-CsS presented very
different behaviors when compared with the mixes with C3S. In the mixes with Al-CsS, a few
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hours after gypsum depletion, the C3A started to dissolve again very quickly (
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Figure 6.48c,d,g,h). For those mixes, the ettringite content initially increased fast up to a limit
and then started to dissolve synchronously with the start of hemicarbonate formation. In turn,
for the CsS mixes, the C3A also starts to dissolve again after the sulfate depletion, but much
slower than the mixtures with AI-C3S. As a result, no AFm was detected in the CsS-containing
mixes up to 48 hours, as observed in Figure 6.47a (see mixes 1, 2, 5, and 6) where the only

reflection observed up to 12 °© 26 was that from ettringite.

The formation of hemicarboaluminate instead of monosulfate on Al-C3S mixes occurred due to
the presence of calcite (0.5 wt%) and magnesite (0.9 wt%) on the AI-C3S composition (see
Section 6.2.1). In turn, for the C3S mixes, no ettringite dissolution and hemicarbonate or
monosulfate formations were observed in the first 48 hours of hydration. Interestingly, the
mixes with ort-C3A also formed hemicarbonate instead of U-phase (4Ca0 - 0.9A1,05 - 1.1S0; -
0.5Na,0 - 16H,0), which also belongs to the group of hexagonal or pseudo-hexagonal layered

structures (AFm) and were observed in pure ort-CzA pastes [14]. The U-phase is formed in the
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presence of SO%~ and Na* ions in a highly alkaline medium [55]. However, since the C3S/C3A
mixes had much lower ort-C3A amounts than pure C3A pastes, the amount of Na* ions released
was probably not enough to ensure the sufficiently high pH for the U-phase formation.

For better visualization, Figure 6.49 presents only the ettringite content during the first 48 hours.
It is possible to notice that the CsS type had the greatest influence on ettringite formation, and
the Al-C3S mixes presented higher ettringite contents in the first hours. This is probably a result
of the higher aluminum content in the solution due to the AI-C3S dissolution.

The C3A type also influenced the amount of ettringite formed in the first hours. The mixes with
ort-C3A generally presented higher ettringite contents when compared with cb-C3A mixes. This
result was expected due to the higher reactivity of ort-C3A, as observed and discussed in section
6.3.1.2. As aresult of the higher ettringite formation and the faster sulfate consumption, the Al-
C3S_ort-C3A_GYP paste presented earlier hemicarboaluminate formation (= 9 hours)
compared to the AI-C3S_cb-C3A GYP paste (= 16 hours).

The calcium sulfate type also influenced the ettringite formation rates. The mixes with
hemihydrate (Figure 6.49b) showed faster ettringite formation in the first hours, which agrees
with Zunino and Scrivener’s [7] results. This was expected since the hemihydrate presents a
higher solubility when compared with gypsum [21,22], resulting in higher sulfate concentration
in pore solution, leading to a faster ettringite formation. Finally, the replacement of gypsum
with hemihydrate also influenced the beginning of hemicarbonate formation, anticipating it in
6 hours for the Al-C3S_ch-C3A pastes (from 16 hours for the mix with GYP to 10 hours for the
mix with HEM) and in 3 hours for the Al-C3S_ort-C3A pastes (from 9 hours for the mix with
GYP to 6 hours for the mix with HEM).
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Figure 6.48 — Heat flow curves and phase content (wt%) over the first 48 hours of hydration.
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48 hours.

6.3.3 Thermogravimetric analysis (TGA)
Figure 6.50 shows the DTG curves of the C3S/C3A pastes with 1.5 wt% SOz (with gypsum or

hemihydrate) at 8 hours, 1, 3, and 7 days of hydration. Peaks related to C-S-H (between 50 and
300°C), ettringite (= 100°C), gypsum (= 140°C), AFm phases (= 155°C), portlandite (between
400 and 500°C), and carbonates (between 600 and 700°C) were observed [30]. As expected,
the peaks related to the hydrated phases’ decomposition increased with the increase of the
hydration time, indicating higher amounts of hydrated phases and a higher degree of hydration.

In turn, the gypsum peaks were only presented in the mixtures with C3S at 8 hours, which agrees
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with XRD-Rietveld results, showing that the sulfate depletion occurred after 10 hours of

hydration for those samples, while occurred up to 6 hours for the mixes with Al-CsS.

The CsS type had a great influence on the moment of AFm formation. While the Al-CsS pastes

already presented the peaks related to AFm phases’ decomposition at 8 hours or 1 day, no AFm

phases peaks are observed in the C3S mixes up to 7 days. This result also corroborates the XRD-

Rietveld results, in which no AFm phases were observed in the first 48 hours for the C3S mixes

while starting to form between 6 to 16 hours for the Al-C3S pastes.
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Figure 6.50 — DTG curves of the C3S/CsA pastes with gypsum and hemihydrate at 8 h, 1, 3, and 7 d of
hydration.

From the TGA results, the bound water content was calculated and is presented in Figure 6.51.

The mixes with CsS presented higher bound water content than those with Al-CsS. The bound

water is related to the degree of hydration (DoH) of C3S. As observed by isothermal calorimetry

(see Section 6.3.1.1), the C3S is much more reactive than Al-C3S, which explains the higher

bound water content of the mixtures with CsS. In turn, the C3A and calcium sulfate types did

not significantly influence the bound water content of the mixes, which may be explained by

their much lower content compared with C3S.
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(b) Mixture with hemihydrate

—@— (S _cb-C:A HEM
- & - C8_or-CsA_HEM
—8— AI-CsS_cb-CsA_HEM
- @ = Al-CsS ort-CsA HEM

o

4

5 6 7 8

Time (days)

Figure 6.51 — Bound water (%) of the C3S/CsA pastes with (a) gypsum and (b) hemihydrate over the first 7 days
of hydration.

Figure 6.52 presents the portlandite content (in g/100g of paste) of the C3S/C3A pastes with

gypsum in (a) and hemihydrate in (b), during the first 7 days of hydration. The portlandite

content showed the same trend observed for the bound water content: the CsS type was the only

factor that significantly influenced the portlandite content, where the mixes with C3S presented

higher portlandite content than the mixes with Al-C3S, which was expected since CsS is more

reactivity than Al-CsS.
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Figure 6.52 — Portlandite content (g/100 of paste), determined by TGA, of the C3S/C3A pastes with (a) gypsum

and (b) hemihydrate over the first 7 days of hydration.
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6.4 DISCUSSION

6.4.1 The impact of aluminum doping of CsS on sulfate demand
Among the factors analyzed, the aluminum doping of CsS had the most pronounced influence

on the sulfate demand of the systems. The beginning of ettringite decomposition and
hemicarbonate formation occurred between 6 and 16 hours (depending on C3A polymorph and
calcium sulfate type used) in the mixes with Al-C3S (as observed by in-situ XRD and confirmed
by TGA), while only occurred between 3 and 7 days of hydration for the mixes with C3S (as
seen by TGA).

Zunino and Scrivener [7] studied C3S T1/ch-CsA/gypsum systems varying the CsS fineness and
concluded that the higher the CsS fineness, the earlier is the sulfate depletion and the higher is
the sulfate demand of the system. This occurs because the increase of the fineness of C3S
increases its reactivity and, consequently, increases the rate of C-S-H formation [7]. As
mentioned early, the sulfates are physically adsorbed by the C-S-H due to charge affinity [56],
consuming the sulfates from the solution. Therefore, the higher the amount of C-S-H formed in
the first hours, the higher the amount of sulfates adsorbed on the C-S-H surface, and the earlier
will be the sulfate depletion of the system.

Interestingly, the opposite behavior was observed here: the systems with Al-C3S, which
presented lower reactivity when compared with CsS (see Section 6.3.1), presented higher
sulfate demand. For instance, the mixes with Al-C3S required 1.5-2.0 wt% SOs to be properly
sulfated, while the mixes with C3S only required 0.5 wt% SOz. This happens because of the
impact of aluminum on sulfate consumption — the higher the aluminum content available in the
pore solution, the higher the ettringite formation (observed here by in-situ XRD) and the faster

will be the sulfate depletion.

Note that Zunino and Scrivener [7] used the same CsS used here (T1, without aluminum) but
with different fineness. Therefore, we can propose that not only the CsS reactivity will influence
the sulfate balance of the system (as observed by [7]) but also the aluminum content in the CsS.
In addition, the latter factor seems to have a greater impact on the sulfate demand than the
former, since the mixes with the less reactive Al-CsS (with 0.8 wt% Al,O3) presented a much

higher sulfate demand than the mixes with the more reactive C3S (without aluminum).
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6.4.2 The impact of C3A polymorphism on sulfate demand
The C3A polymorphism also influenced the sulfate demand of the mixes, but to a less extent

than the aluminum doping of CsS. Furthermore, the influence of the C3A polymorphism on the
sulfate demand depended on the wt% SOs used. For the mixes with low SOz contents (0.25 and
0.50 wt%S03), the systems with cb-C3A presented earlier sulfate depletion and renewed
hydration of C3A than those mixes with ort-CzA. However, for the mixes with 1.00 wt% SO3
or more, the opposite behavior was observed, i.e., the mixes with ort-CsA presented earlier

sulfate depletion.

This behavior is probably due to the different impacts of calcium sulfates on cb-CzA and ort-
CsA hydration. Without calcium sulfates, cb-CsA hydrates faster than the orthorhombic one.
Besides, the addition of calcium sulfates is much more efficient in delaying the cb-Cz:A
hydration than the ort-C3A hydration (for the reasons for this, see Section 6.3.1.2 and other
papers [12,13,51]). Therefore, when low amounts of calcium sulfate are used, the cb-C3A

hydration is not sufficiently retarded to be slower than the ort-C3A hydration.

6.4.3 The impact of calcium sulfate type on CsS and CsA hydration and sulfate
demand

The addition of calcium sulfate slightly prolonged the induction period of both C3S and Al-CsS
but enhanced their hydration afterward, resulting in higher heat flow peaks and higher
cumulative heat in the first 48 hours. The initial delay probably occurred due to the adsorption
of sulfate ions on the CsS surface [7,17,47], while the enhancement thereafter seems to be
related to either the change in the C-S-H morphology due to the sulfate’s adsorption or due to

the increase in the ionic strength of the solution with the addition of calcium sulfate [11].

However, the calcium sulfate type did not significantly influence the C3S hydration. The CsS-
gypsum and the C3S-hemihydrate pastes (with a 1.5 wt% SOz) presented very similar heat flow
curves in the first 48 hours, except for a small heat flow peak between 30 minutes and 2 hours

associated with the hydration of hemihydrate and formation of gypsum crystals.

As for the C3A, the presence of gypsum or hemihydrate retarded both cb-CsA hydration and
ort-C3A reaction, but the retard effect was much less efficient for the latter. This occurs due to
the higher solubility of Al,013" rings on the ort-CsA, inhibiting the adsorption of S? and/or
Ca-S ion-pair that are responsible for the delay in cb-CsA hydration [13,14]. The replacement
of gypsum with hemihydrate leads to a strong delay on both cb-CsA and ort-C3A. The higher
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solubility of hemihydrate, releasing more sulfate ions into the pore solution in the first hours
might explain this, but more studies on this are necessary to fully understand its mechanism.

The analysis of the effect of calcium sulfate type on the hydration of C3S/C3A/calcium sulfate
systems showed that the use of hemihydrate resulted in earlier sulfate depletion and
hemicarbonate formation (as observed by calorimetry and in-situ XRD), consequently
presenting a higher sulfate demand to obtain properly sulfated systems, which agrees with
Zunino and Scrivener results [7]. This occurs due to the higher solubility of hemihydrate
compared with gypsum, resulting in higher sulfite concentrations in the pore solution in the first

hours, increasing ettringite’s formation (observed here by in-situ XRD).

6.4.4 Implications for PC production and PC concrete properties
As observed, the aluminum content in C3S greatly impacts the sulfate balance of

CsS/CsA/calcium sulfate systems, which usually correspond to about 70 wt% of ordinary
Portland cement. Therefore, Portland clinkers with higher aluminum content (including the
aluminum incorporated in the C3S structure) will present higher sulfate demand, i.e., a higher
amount of calcium sulfate will be required to obtain optimal fresh and mechanical properties.

The C3A polymorph also affected the sulfate balance of the systems studied. For the mixes with
1.0 wt% SOs or more, the ort-CsA reacted faster than the cb-CzA, leading to faster sulfate
depletion (note that commercial PCs usually need 2.5-4.5 wt% SOz to be properly sulfated).
Therefore, clinkers with ort-C3A are likely to require more sulfate to reach optimum properties.

Finally, the presence of hemihydrate (which might occur in commercial PCs due to gypsum’s
dehydration during milling) also increased the sulfate demand of the mixes. Therefore, a higher
sulfate content will be needed to optimize the properties of concrete produced with PC
containing this type of sulfate source. Furthermore, the crystallization of gypsum and the higher
ettringite formation in the presence of hemihydrate tends to decrease PC concrete workability

and may result in a false setting [1,57,58].

The understanding of how these parameters influence the sulfate demand of PC will help the
cement industry controls the amount and type of calcium sulfate that should be used. However,
it stresses the need for further studies on this topic with commercial clinkers since pure phases

have inherent differences compared with those present in the clinkers produced by the industry.
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6.5 CONCLUSIONS

From our results, we can conclude that:

Both gypsum and hemihydrate delayed the initial hydration of C3S and AIl-CsS,
prolonging the induction period but accelerating the reaction thereafter. The CsS-
gypsum and CsS-hemihydrate pastes presented very similar behaviors for the same SO3
content (1.5 wt% SO3).

Aluminum doping of CsS greatly influenced the sulfate balance of C3S/CsA/calcium
sulfate mixes. The mixes with Al-CsS presented faster and higher ettringite formation
in the first hours, anticipating the sulfate depletion, the renewed hydration of C3A, and

the hemicarbonate formation.

The impact of C3zA polymorphism on the sulfate demand varied with the SOz content
used. For the systems with 0.25 and 0.50 wt% SOg, the mixes with cb-C3A presented
earlier sulfate depletion and renewed hydration of C3A. However, for the systems with
1.0 wt% SOs3 or more, those with ort-CzA presented earlier sulfate depletion and
renewed dissolution of C3A. Therefore, in commercial PCs, which usually need higher
sulfate contents to be properly sulfated (usually 2.5- 4.5 wt% SQO3), those clinkers with
ort-C3A will probably require more sulfate to reach optimal fresh and mechanical
properties. In proper sulfated mixes, the CsA polymorphism does not seem to

significantly influence the CsS or Al-C3S hydration rate

The replacement of gypsum with hemihydrate in the C3S/CzA/calcium sulfate mixes
resulted in faster ettringite formation, anticipating the sulfate depletion and renewed
hydration of C3zA. This happens due to the higher solubility of hemihydrate when
compared with gypsum. In addition, hemihydrate incorporation led to higher sulfate
demand, which may require greater sulfate contents in commercial clinkers when this

type of sulfate source is used.
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7 FINAL CONSIDERATIONS

As idealized in the structuring of this dissertation, the document was divided into specific
chapters, which were written in the form of articles, in which the state of the art, the materials,
and the experimental method used, as well as the results, discussions and main conclusions of
each chapter are presented in each one. In this way, the main conclusions of the work are pointed

out here.

In the review article (chapter 3), the most important findings on the effects of sulfates on cement
properties were summarized. The effects of sulfates on C3A, CsS, and PC hydration and on
concrete properties were discussed. The main factors which influence the sulfate balance and
the methods most used to determine the optimum sulfate content were presented. Finally,
recommendations for future research were also discussed. In light of this, different studies were
planned to better understand the effects and mechanisms of different calcium sulfate types on
the C3S and CsA polymorphs hydration.

In chapter 4, it was presented the study regarding the hydration of C3S and Al-doped CsS in the
presence of gypsum. It was observed that the presence of gypsum delayed the initial hydration
of C3S and Al-CsS, prolonging the induction period, which seems to be related to the interaction
between the sulfate ions and CsS. However, the presence of gypsum accelerated the C3S and
the AI-C3S hydration during the nucleation and growth period (after the induction period). This
acceleration is probably related to (i) the more divergent needle-structure C-S-H morphology
when sulfate is present (according to bibliography), which increases the site for the precipitation
of hydration products. (ii) the increase in ionic strength when adding gypsum. Further

investigations on this subject are needed to confirm these hypotheses.

In the sequence, in chapter 5, the role of sodium and calcium sulfate type on the hydration and
rheology of CsA polymorphs were studied. It was showed that the higher reactivity of
orthorhombic CsA in sulfate-containing solution, compared with cubic C3A is related to the
differences in crystal structure rather than the release of sodium and the increase of solution
alkalinity. The external addition of sodium (i.e., NaOH incorporation) in cubic C3A paste
indeed accelerated its hydration rate, but not reached the very high reaction rate of orthorhombic
C3A. Orthorhombic CsA paste produced with gypsum presented viscosity and yield stress

values 10-20 times higher than those containing cubic C3A with and without NaOH, as a result
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of its much higher reactivity. The replacement of gypsum with hemihydrate (in a SO3/C3A ratio
of 0.29) retarded cubic CsA hydration but accelerated the orthorhombic C3A hydration. Finally,
it was shown that the use of hemihydrate in pastes with either cubic or orthorhombic C3A
resulted in early stiffing (the so-called false set) within the first 10 minutes due to the hydration

of hemihydrate and precipitation of larger gypsum crystals, making it lose workability.

In the last study presented in chapter 6, the hydration of three-phase systems (C3S-CsA-calcium
sulfate) was analyzed. It was showed that aluminum doping of CsS greatly influenced the
sulfate balance of C3S/CsA/calcium sulfate mixes. The mixes with Al-CsS presented faster and
higher ettringite formation in the first hours, anticipating, the sulfate depletion, the renewed
hydration of C3A, and the hemicarbonate formation. It was also observed that the impact of
C3A polymorphism on the sulfate demand varied with the SO3 content used. For the systems
with 0.50 wt.% SOs, the mixes with ch-CsA presented earlier sulfate depletion and renewed
hydration of C3A. However, for the systems with 1.0 wt.% SOz or more, those with ort-CzA
presented earlier sulfate depletion and renewed dissolution of C3A. Therefore, in commercial
PCs which usually need higher sulfate contents to be properly sulfated (usually 2.5- 4.5 wt.%
S03), those clinkers with ort-CsA will probably require more sulfate to reach optimal fresh and
mechanical properties. Finally, the replacement of gypsum with hemihydrate in the
CsS/CsA/calcium sulfate mixes resulted in faster ettringite formation, which anticipated the
sulfate depletion and renewed hydration of C3A. This happens due to the higher solubility of
hemihydrate when compared with gypsum. Hemihydrate incorporation led to higher sulfate
demand, which may require greater sulfate contents in commercial clinkers when this type of
sulfate source is presented (which might be due the high temperature acquired during the
milling process).

Overall, this dissertation spread light to the effect of aluminum-doping on CsS and sodium-
doping on C3A in their hydration and in the sulfate balance of three-phase systems. It was also
showed the impact of the calcium sulfate type on the sulfate demand of these mixtures. As
highlighted through the discussion of each chapter, the results presented here contributed to the
understanding of the mechanism and factors that influence the hydration of these phases and
showed some possible implications for cement production and PC concrete properties. It is
stressed out the needing to confirm these findings on studies with commercial clinkers, as the
pure clinker phases studied here present some differences from the phases of commercial

clinker, as previously discussed.
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7.1 Suggestions for future studies

To evaluate the role of aluminum from SCMs on the sulfate demand of Portland

clinkers.

e To investigate the reason for the high sulfate demand on Portland cements with

plasticizers.

e To analyze the impact of C3S and C3A polymorphs on the properties and on the sulfate

demand of commercial cements.

e To evaluate the effect of the calcium sulfate type on the sulfate demand of commercial

cements.
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ANNEX B

Supplementary Material for chapter 4:

Hydration of C3S and Al-doped CsS in the presence of
gypsum
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9 SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Table B17 — Phase quantification (g/100g of paste) obtained by XRD-Rietveld of CsS paste.

Hydration time

Phase  — hhydrous  10h 1d 3d 7d

CsS Tl 62.6 56.0 40.8 30.4 21.3
Magnesite 1.0 1.0 0.9 0.6 0.5
Calcite 1.0 0.7 1.1 1.4 1.7
Portlandite 0.8 3.7 10.5 14.7 19.2
Non-crystalline 1.6 9.9 22.8 32.8 42.1
Rup 10.8 10.8 10.9 10.9 11.4

GOF 3.8 3.8 3.9 3.9 4.2

Table B18 — Phase quantification (g/100g of paste) obtained by XRD-Rietveld of CsS_2.5G paste.

Hydration time

Phase Anhydrous 10h 1d 3d 7d
CsST1 61.2 55.7 34.1 20.7 12.7
Magnesite 1.2 0.9 0.7 0.4 0.4
Calcite 1.0 1.0 1.1 1.3 1.4
Gypsum 1.6 0.8 0.7 1.0 1.1
Portlandite 0.8 2.4 11.0 16.8 21.6
Non-crystalline 1.2 9.8 30.5 42.8 50.7
Ruwp 11.4 11.1 10.9 11.0 11.9

GOF 4.1 3.9 4.0 4.0 4.4

Table.B19 — Phase quantification (g/100g of paste) obtained by XRD-Rietveld of Al-CsS paste.

Hydration time

Phase

Anhydrous 10h 1d 3d 7d

CsS M1 60.0 54.7 43.6 34.4 28.8
Magnesite 0.5 0.5 0.3 0.2 0.3
Calcite 0.2 0.3 0.6 0.9 1.2
Portlandite 0.1 2.5 8.1 13.2 16.6
Non-crystalline 6.2 121 21.3 28.2 34.6
Rwp 11.3 10.5 10.3 10.5 10.6
GOF 4.0 3.7 3.6 3.8 3.8
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Table.B20 — Phase quantification (g/100g of paste) obtained by XRD-Rietveld of Al-C3S_2.5G paste.

Hydration time

Phase Anhydrous 10h 1d 3d 7d
CsS M1 59.1 50.6 40.1 334 26.4
Magnesite 0.5 0.4 0.3 0.2 0.3
Calcite 0.4 0.5 0.8 1.0 1.2
Gypsum 15 0.7 0.7 0.8 0.9
Ettringite 0.0 0.9 1.3 1.1 18
Portlandite 0.2 3.0 8.5 12.3 15.1
Non-crystalline 55 155 24.4 29.7 36.5
Rwp 11.0 10.3 10.1 10.1 10.4
GOF 3.9 3.7 3.6 3.6 3.6
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Figure B1 — Degree of Hydration (DoH) of C3S in (A) CsS, (B) CsS_2.5G, (C) AI-CsS, and (D) Al-CsS_2.5G

Heat flow

pastes obtained by XRD and by the 4PL model used for GEMS analysis.

t; = beginning of induction period

t, = end of induction period — beginning of
acceleration period

t, — t; = induction period length

tg o = heat flow rate at the acceleration period

h, = maximum heat flow at the main hydration
peak

Time

Figure B2 — Illustration of heat flow as a function of time and the parameters obtained to determine the
induction period length and the heat flow rate at the acceleration period.
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Figure B3 — Heat flow curves (solid lines and primary/left “y” axis) and cumulative heat curves (dashed lines
and secondary/right “y” axis) of the C3S and Al-CsS pastes, normalized by the SSA of C3S and Al-C3S, during

the first 72 hours of hydration.
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Figure B6 — Example of fitted XRD patterns: Al-CsS_2.5G paste at 7 d.
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ANNEX C

Supplementary Material for Chapter 5:
The role of sodium and sulfate sources on the rheology

and hydration of C3A polymorphs

Hydration and interactions between CsS and CsA polymorphs in the presence of different calcium sulfates



169

10 SUPPLEMENTARY MATERIAL FOR CHAPTER 5

10.1 Methodology applied for the thermodynamic modeling

In order to verify the theoretical contribution of the hemihydrate crystallization into gypsum on
the total heat release by the CsA pastes hydration, thermodynamic modelling of the total heat
release during the hydration of cbh-C3A-GYP and cb-C3sA-HEM pastes were done. Due to the
lack of thermodynamic data of ort-CsA and U-phase (the AFm phase formed in the sodium
containg CsA pastes), the thermodynamic modelling of Na-cb-C3A and ort-C3A pastes were

not done.

Thermodynamic modeling of cb-C3A-GYP and cb-C3A-HEM pastes was carried out using the
CemGEMS web application [1], coupled with the CEMDATA18 database [2]. For this, the
chemical and physical characterization of cb-C3A, gypsum and hemihydrate were used as input
data. The reaction of cb-CsA was modelled by the mP&K model, as presented by Kulik et al.
[1], The total heat released during the first 10,000 hours of hydration of these pastes were

analyzed and are presented in Figure S2.
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Table C21 — Information of the reference pattern used for U-phase refinement.

References Primary reference: Post, K., Pollmann, H., Friedrich-Alexander Univ., Erlangen-
Nurnberg, Erlangen, Germany., ICDD Grant-in-Aid, (1992)
ICDD Reference code: 00-044-0272
Name and Compound name: Sodium Calcium Aluminum Sulfate Hydrate
formula PDF index name: Sodium Calcium Aluminum Sulfate Hydrate
Empirical formula: Al2CasH30NaO27S1 5
Chemical formula: NaCasAl206(SO4)1.5-15H20
Second chemical formula: 3Ca0-Al203-CaS04-0.5Na2S04-15H20
Crystallographic | Crystal system: Trigonal
parameters Space group: P-3
Space group number: 147
a (A): 5.7450
b (A): 5.7450
c(A): 30.0700
Alpha (°): 90.0000
Beta (°): 90.0000
Gamma (°): 120.0000
Calculated density (g/cm3): 2.130
Volume of cell (108 pm3): 859.50
Z: 1.50
Reference intensity ratio (RIR): 0.50
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Table C22 — Peak list of the reference pattern PDF 00-044-0272 (ICDD) [47] used for U-phase refinement.

Peak No. Intensity [%] d-spacing [A] 2Theta (CuKa) [°] HKL
1 53.0 10.02693 9 003
2 100.0 5.01193 18 006
3 9.0 4.45338 20 103
4 14.0 3.52951 25 106
5 9.0 3.34095 27 009
6 18.0 2.87136 31 110
7 9.0 2.77319 32 109
8 7.0 2.76150 32 113
9 9.0 2.50520 36 0012
10 250 2.49262 36 116
11 17.0 2.41438 37 203
12 1.0 2.36047 38 204
13 23.0 2.23703 40 1012
14 12.0 2.17872 41 119
15 12.0 1.99464 45 209
16 10.0 1.88778 48 1112
17 9.0 1.85949 49 1015
18 7.0 1.84754 49 213
19 11.0 1.76533 52 2012
20 5.0 1.76058 52 216
21 10.0 1.65813 55 300
22 9.0 1.63578 56 303
23 3.0 1.58361 58 1018
24 7.0 1.57417 59 306
25 3.0 1.56112 59 2015
26 6.0 1.50381 62 2112
27 4.0 1.49968 62 2016
28 3.0 1.44391 64 1118
29 5.0 1.43593 65 220
30 2.0 1.43179 65 0021
31 3.0 1.42148 66 223
32 1.0 1.41742 66 3011
33 2.0 1.38683 67 2018
34 4.0 1.37994 68 310
35 5.0 1.37600 68 1021
36 3.0 1.37139 68 2115
37 2.0 1.36704 69 313
38 1.0 1.32933 71 2116
39 1.0 1.31895 71 229
40 2.0 1.27542 74 319
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Figure C1 — Theoretical XRD pattern of the U-phase PDF 00-044-0272 (ICDD) [3]
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Figure C2 — Heat flow curves (solid lines and primary/left “y” axis) and cumulative heat curves (dashed lines
and secondary/right “y” axis) of the ch-CsA-gypsum pastes hydrating at different NaOH solutions and the ort-

CsA paste during the first 90 hours of hydration.
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Figure C4 — In-situ XRD patterns of the mixes investigated: (a) cb-C3sA_GYP; (b) Na-cb-C3sA_GYP; (c) ort-
CsA_GYP; (d) cb-C3A_HEM; (e) Na-cbh-CsA_HEM; (f) ort-CsA_HEM. E: ettringite; G: gypsum; C: cb-C3A; O:

ort-CsA; U: U-phase.

José da Silva Andrade Neto (josedasilvaandraneto@gmail.com). Porto Alegre: UFRGS/EE/PPGCI, 2021



178

30 min 120 min

SEM HV: 15.0 kV WD: 9.96 mm i VEGA3 TESCAN| SEM HV: 15.0 kv WD: 6.49 mm
SEM MAG: 20.0 kx Det: SE 2pm SEM MAG: 10.0 kx Det: SE
View field: 13.8 ym  Date(m/dly): 11/27/20 Performance in nanospace View field: 27.7 ym  Date(m/dly): 11/27/20 Performance in nanospace

30 min 120 min

SEM HV: 15.0 kv WD: 9.96 mm ] | VEGA3 TESCAN SEM HV: 15.0 KV WD: 6.49 mm VEGA3 TESCAN

SEM MAG: 40.0 kx Det: SE 2pm SEM MAG: 20.0 kx Det: SE 2pm
View field: 6.92 ym  Date(m/dly): 11/27/20 Performance in nanospace View field: 13.8 ym  Date(m/dly): 11/27/20 Performance in nanospace

Figure C5 — SEM images of Na-ch-CsA_GYP with 30 minutes of hydration [(a) x20000; (b) x40000] and 120
minutes of hydration [(c) x10000; (d) x20000]. The arrows indicate ettringite crystals.
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30 min

: ‘ 120 min
3 h b vt 4
SEM HV: 15.0 kv | Wp: 8.02mm SEM HV: 15.0 kV ‘WD: 6.99 mm | VEGAS3 TESCAN|
2 pm

SEM MAG: 5.00 kx Det: SE SEM MAG: 20.0 kx Det: SE
View field: 55.4 ym  Date(m/dly): 11/27/20 View field: 13.8 ym  Date(m/d/y): 11/27/20 Performance in nanospace

30 min 120 min
SEM HV: 15.0 kV ‘WD: 8.02 mm VEGA3 TESCAN| SEM HV: 15.0 kV WD: 6.69 mm | VEGA3 TESCAN|
SEM MAG: 20.0 kx Det: SE SEM MAG: 40.0 kx Det: SE 2um
View field: 13.8 ym  Date(m/dly): 11/27/20 Performance in nanospace View field: 6.92 ym Date(m/dly): 11/27/20 Performance in nanospace

Figure C6 — SEM images of Na-cb-CsA_GYP with 30 minutes of hydration [(a) x5000; (b) x20000] and 120
minutes of hydration [(c) x20000; (d) x40000]. The arrows indicate ettringite crystals.
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30 min 120 min
SEM HV: 15.0 kV 'WD: 6.74 mm LL1 VEGA3 TESCAN SEM HV: 15.0 kV 'WD: 6.97 mm L L1l VEGA3 TESCAN

SEM MAG: 10.0 kx Det: SE 5 pm SEM MAG: 10.0 kx Det: SE 5 pm
View field: 27.7 ym | Date(midly): 11/27/20 Performance in nanospace View field: 27.7 ym | Date(m/dly): 11/27/20 Performance in nanospace

30 min 120 min

SEM HV: 15.0 kV WD: 6.74 mm | VEGA3 TESCAN SEM HV: 15.0 kv WD: 6.97 mm VEGA3 TESCAN
SEM MAG: 20.0 kx Det: SE SEM MAG: 20.0 kx Det: SE
View field: 13.8 um | Date(m/dly): 11/27/20 Performance in nanospace View field: 13.8 ym | Date(m/dly): 11/27/20 Performance in nanospace

Figure C7 — SEM images of ort-CsA_GYP with 30 minutes of hydration [(a) x10000; (b) x20000] and 120
minutes of hydration [(c) x10000; (d) x20000]. The arrows indicate ettringite crystals.
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SEM HV: 15.0 kV WD: 15.07 mm 11 VEGA3 TESCAN| SEM HV: 15.0 kV WD: 6.28 mm | VEGA3 TESCAN|
SEM MAG: 2.00 kx Det: SE 20 pm SEM MAG: 10.0 kx Det: SE 5 pm
View field: 138 ym  Date(m/dly): 11/27/20 Performance in nanospace View field: 27.7 um  Date(m/dly): 11/27/20 Performance in nanospace

&
-

SEM HV: 15.0 kV. WD: 7.02 mm VEGA3 TESCAN| SEM HV: 15.0 kv WD: 7.01 mm | VEGA3 TESCAN|
SEM MAG: 5.00 kx Det: SE SEM MAG: 20.0 kx Det: SE
View fleld: 5.4 ym  Date(m/dly): 11/27/20 Performance in nanospace View fleld: 13.8 ym  Date(m/dly): 11/27/20 Performance in nanospace
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SEM MAG: 2.00 kx Det: SE 20 ym SEM MAG: 10.0 kx Det: SE 5 Hm
View field: 138 ym _ Date(m/dly): 11/27/20 Performance in nanospace View fleld: 27.7 ym _ Date(midly): 11/27/20 Performance in nanospace

e

Figure C8 — SEM micrography of: (A) and (B) cb-CsA-HEM, (C) and (D) Na-ch-CsA_HEM, and (E) and (F)
ort-CsA_HEM pastes at 10 minutes of hydration.
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ANNEX D

Supplementary Material for Chapter 6:
Hydration and interactions between CsS and C3A

polymorphs in the presence of different calcium sulfates
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11 SUPPLEMENTARY MATERIAL FOR CHAPTER 6
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Figure D1. Example of fitted in-situ XRD pattern (for Al-C3S_cb-CsA_GYP at 0.5 hours of
hydration).
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Table D23. Chemical composition (wt.%) of the raw materials used, obtained by XRF.

Oxides CsS Al-C:S  cb-C:A  ot-C3A  Gypsum Hemihydrate
CaO 72.18 72.55 60.89 56.58 34.04 34.04
SiO; 25.11 25.37 0.43 0.18 0.95 0.95
Al,03 - 0.81 35.52 36.70 0.09 0.09
MgO 0.95 0.50 0.11 0.09 0.81 0.81
Na,O - - 0.03 3.98 - -

Fe.03 0.06 0.06 0.08 0.06 0.16 0.16

SO; 0.02 - 0.02 0.03 46.05 46.05
LOI* 1.47 0.58 2.76 2.20 17.53 17.53
MAC (cm?/g)** 96.24 96.82 84.96 80.91 63.11 69.67

*LOI: loss on ignition; **MAC: mass absorption coefficient.
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Table D24. Mineralogical composition (wt.%) of the raw materials used.

Phase ICSD code CsS Al-CsS  cb-CsA  ot-CsA  Gypsum Hemihydrate
CsST1 4331 95.7 98.7 - - - -
CsSM1 * - - - - - _
CsA cubic 1841 - - 96.9 5.6 - -
CsA

orthorhombic 1880 ) ) ) 94.4 } -
Gypsum 151692 - - - - 96.1 97.2
Bassanite 69060 - - - - - -
Calcite 73446 15 0.5 - - - -
Dolomite 66333 - - - 2.4
Magnesite 40117 15 0.9 - - 34 -
Portlandite 202220 1.3 - - - - -
Mayenite 261586 - - 2.0 - - -
Lime 75786 - - 1.1 - - -
Quartz 200721 - - - - 0.5 0.4
Rwp (%) - 10.7 114 13.3 14.7 11.7 11.3

*Noirfontaine et al., Zeitschrift Fur Kristallographie, 227 (2012), 102-112.
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Table.D25. Mix proportions of the pastes investigated (wt.%)

Mix CsS  AI-CsS cb-CsA  ot-CsA  Gypsum  Hemihydrate Water MAC (cm?/g)*
CsS_ch-CsA_GYP 59.36 - 5.16 - 2.14 - 33.33 66.12
CsS_ot-C3A_GYP 59.36 - - 5.16 2.14 - 33.33 65.91
Al-C3S_ch-C3A_GIP - 59.36 5.16 - 2.14 - 33.33 66.46
Al-C3S_ot-CsA_GYP - 59.36 - 5.16 2.14 - 33.33 66.25
CsS_ch-CsA_HEM 59.61 - 5.19 - - 1.87 33.33 66.33
CsS_ot-CsA_HEM 59.61 - - 5.19 - 1.87 33.33 66.12
Al-C3S_ch-CsA_HEM - 59.61 5.19 - - 1.87 33.33 66.67
AI-C3S_ot-CzA_HEM - 59.61 - 5.19 - 1.87 33.33 66.46

*MAC: mass absorption coefficient.

José da Silva Andrade Neto (josedasilvaandraneto@gmail.com). Porto Alegre: UFRGS/EE/PPGCI, 2021



