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SUMMARY

Calcium aluminate cements (CAC) are important materials today, as they cover a good
number of applications in civil engineering, refractory industry and materials science, which
is mainly due to their excellent high temperature mechanical properties, strength to corrosion,
erosion wear, among others.

The inherent brittleness and lack of ductility of these cements, particularly make them
susceptible to failures mainly by thermal shock and slow outflow. In order to understand and
elucidate the micro mechanisms that govern outflow damages and / or high temperatures, it
IS necessary to know the high temperature behavior of calcium aluminate cement pastes, the
transformations of their phases, and their types and mechanisms of damage, complex
phenomena related to factors such as chemical composition, water / cement ratio and alumina
content.

Calcium aluminate cements are the basis for the manufacture of many refractory ceramics,
advanced ceramics, and functional materials with gradients used in many different
applications. Therefore, this proposal is intended to contribute to the understanding of the
behavior of pure calcium aluminate cement paste and added with silica, for different alumina
contents, subjected to high temperatures and using different water/cement ratio (W/C).

In order to improve knowledge in this topic, once the calcium aluminate cement paste
samples have been manufactured, they were exposed to high temperatures and analyzed using
techniques such as scanning electron microscopy, infrared transformation spectroscopy of
Fourier, X-ray diffraction, X-ray fluorescence, among others. Then, to be able to establish
mathematical models that allow the damage to be quantified and the micro-mechanisms that
govern this behavior to be revealed.
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CONTRIBUTIONS OF THIS THESIS

This thesis presents 4 main contributions to the study of the behavior of calcium
aluminate cement pastes subjected to high temperatures:

The first contribution was to establish a methodology to quantify the damage of
calcium aluminate cement pastes.

The methodology consists:

- first of taking high-resolution photographs of the cracks generated by the effect
of temperature. The total length of the crack was defined with the only parameter
of damage.

- Subsequently digital image processing is done with the ImageJ software, which
allows measuring the length of the cracks, considering different scaling, changing
tones, among others.

- Then a statistical analysis is performed to find the probability of damage curves
and a Monte Carlo simulation and finally the data is fitted to a deterministic
phenomenological model.

The implementation and development of this methodology is detailed in Chapter 5.

The second contribution of this thesis, is a consequence of implementing the
methodology mentioned in number 1, was to establish a deterministic
phenomenological model that provides the amount of damage suffered by aluminate
cement pastes when they are subjected to a determined temperature, taking into
account count, the alumina content, the water to cement ratio and the temperature.
The model is as follows:

8! = 8wk1075T2 — 0.1364wk,T + 66.28wkp

The details of its interpretation, meanings and implementation are developed in
Chapter 5.

The third contribution of this thesis was to establish another methodology to quantify
the damage but this time, the damage generated by creep. The methodology consists
of:

i. Obtain the experimental creep strain curves.
ii. Fit the experimental curves by non-linear regression methods to the theta
projection method and estimate its 4 parameters.
iii. With the values of the parameters the amount of damage is determined.




iv. This total damage is compared with the amount of damage obtained with the
methodology set out in number 1 to establish the amount of damage due
exclusively to creep.

The implementation and results of this methodology are detailed in chapter 8.

The fourth contribution is a consequence of implementing the methodology

mentioned in numeral 3 and consists of establishing the phenomenological models of

creep strain and the micro-mechanisms that govern this strain, using the Nabarro-

Herring models in addition. The strain models obtained are:

CACP51-0wt% silica

€ = 0.9558(1 — e~0-9980t) + 0.9503(e*09%¢ — 1)

CACP51-10wt% silica

€ = 0.0490(1 — e~09371t) 4 0.8505 (%0685t — 1)
CACP51-20wt% silica

€ = 0.4131(1 — e~ %7936%) 4 0.7508 (%0373t — 1)
CACP71-0wt% silica

€ =1.0221(1 — e7027090%) + 0.814031 (%0931t — 1)

CACP71-10wt% silica

€ = 0.0473(1 — e~ 24791t) 4 0.7917 (%0939 — 1)
CACP71-20wt% silica

€ = 0.8119(1 — e~ 09458t) 1 0.7693(e0-0940t — 1)

and the established creep micro-mechanisms are: sliding Rachinger, in all
formulations. The operational details of these results are developed in Chapter 8
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NOMENCLATURE

Symbol Chemical formula Name
C CaOo Calcium oxide
A Al,O3 Alumina
F Fe,03 Iron oxide
S SiO; Coesite
H H.O Water
w FesSiOs Wadsleyite
Wu FeO Wustite
T TiO, Titanium oxide

Nomenclature for the derived anhydrous cement powder
CA CaAl;0,4 Monocalcium aluminate (Krotite)
CA; CaAlOy Monocalcium dialuminate Grossite
CAg CaAl12019 Hibonite
CpoA7 CapAl14033 Mayenite
C/,AF Ca,AlFeOs Tetra calcium ferroaluminate
CsA3 CabAls014 Pseudo-mayenite
CF CaFe;04 Calcium Ferrites
P CaTiOs Perovskite
CF; CaFesOs Calcium Ferrites
CoF CaFesO¢ Calcium Ferrites
CsAF, CagAloFe 015 Calcium Ferrites
CT CaTiOs Calcium titanium
C.S CazSi0Oy Bi-calcium silicate
CAS, CaO. Al,0s. 2SiO, Anorthite
C,AS CayAlLSiOy Gehlenite
C2FSsSio CazFesSisO12 Hedenbergite
CSH CaSi(O2H): Calcium silicate hydrate

Nomenclature for the hydrate phases
CAHyg CaAl014H20 Monocalcium aluminate decahydrate
CsAHs Cas[Al(OH)¢]2 Katoite- Hydrogarnet
C,AHg CazAl013H16 Dicalcium aluminate octahydrate
AH; Al(OH)3 Gibbsite-Bayerite
C,ASHg CayAl»SigO16 Stratlingite
AlO3 Nordstrandite

wit% : Weight by percentage
CAC 51wt% : Calcium Aluminate Cement Powder with 51 wt% of Alumina
CAC 71wt% : Calcium Aluminate Cement Powder with 71 wt% of Alumina

CACP 71-nwt%
CACP 51-nwt%
[71-n-T]
[51-n-T]

(COD Number)
o

: Calcium aluminate cement paste with 71 wt% of alumina and n wt% of silica
: Calcium aluminate cement paste with 51 wt% of alumina and n wt% of silica
: CAC71-nwt% - T°C in FTIR analysis

: CAC51-nwt% - T°C in FTIR analysis

: Code database COD (Crystallography Open Database)

: Degree of conversion
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ko : Pre-exponential (frequency) factor.
B : Constant heating rate
f (o) : Reaction model
Tai : Temperature (for a given conversion value)
T : Temperature at point of the thermogram at which the reaction rate is maximum
X : Volume fraction
Q : Activation energy
R : Gas constant
ABBREVIATIONS
CAC : Calcium Aluminate Cement
CACP : Calcium Aluminate Cement Paste
wi/C : Water/Cement ratio
CP : Cement Portland
SEM-EDS : Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy
TGA : Thermal Gravimetric Analysis
XRD : X-ray Diffraction
FTIR : Fourier Transform Infrared Spectroscopy
XRF : X-ray Fluorescence
TPM : Theta Projection Model

FWHM

: Full Width at Half Maximum
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1. CHAPTER 1: INTRODUCTION

1.1 GENERAL FEATURES

Calcium aluminate cements (CAC), also called high alumina cements (HAC) or aluminous
cement (AC), are the most important type of non-Portland cement or special cement. Even
so, the volume used each year is only about one thousandth compared to the use of Portland
Cement, since they are considerably more expensive (four to five times), therefore, it is not
economical to use them as a simple substitute for Cement Portland [1].

The CAC is manufactured industrially from mixtures of limestone and high Al.Oz materials
(bauxites, laterites, alumina obtained by Bayer process, among others) or alumina. The
quality of these cements depends on the content of impurities (iron, silicon, magnesium,
alkali oxides) present in the raw materials and the more or less oxidizing or reducing nature
of the furnace atmosphere in which it melts or clinkerizes, which can compromise its use in
certain refractory applications. Its use is justified in cases where special properties are
required of a concrete or mortar, either as the main binder phase or as a component of a mixed
binder phase. Some of the properties that can be achieved through the use of CAC are [2]:

1. Fast hardening.

2. Strength to high temperatures and temperature changes.
3. Strength to chemical attack, particularly acids.

4. Strength to impact and abrasion.

Nowadays almost all the production of the different types of CAC is used in the manufacture
of refractory concretes [3]. CACs are also widely used in combination with other mineral
binders (for example, Portland cement, calcium sulfate, lime) and additives to produce a
range of specialized mortars for applications such as repair, floor leveling, adhesives and tile
grout. Traditional concrete use is usually where severe conditions, such as extreme
temperatures, exposure to harsh chemicals, mechanical abrasion or impact, must be faced,
often in industrial situations and where these severe conditions are combined with a need for
a rapid return to the solicitation [1,4].

Calcium aluminates (CA) are also widely used in the steel industry due to their relatively low
density, hardness, straightness, etc. [5]. The CA has received considerable attention as a
material for (implants) bone grafting application due to its unique combination of physical,
mechanical, bioactive and biocompatible properties [6,7]. CA-based glasses have
technological importance in the application of optical devices [8,9].
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In this thesis, an experimental study of CACP is carried out, with different alumina contents
and water / cement ratios subjected to temperatures of 500, 800 and 1000 ° C, to know its
behavior in its microstructural phases and against damage. The influence of silica, at high
temperatures, on the formation of phases and mechanical properties is also analyzed, such as
the creep behavior at high temperature of some formulations, and the activation energies of
some dehydration processes are also calculated.

In this work, the chapter 2 deals with processes, properties and characteristics of CACs such
as:

Anhydrous phases

Hydration process

Conversion process

CACP high temperature behavior

P

A general description of the methods and models in non-isothermal analysis and a state of
the art in ceramic materials and phases of calcium aluminate cement is provided.

Chapter 3. In this chapter is described the methodology and the experimental program used
to carry out this research.

Chapter 4. In this chapter is described the results of the characterization of the CAC and
CACP used in this investigation, carried out with different techniques, laser granulometric,
X-Ray Fluorescence (XRF), X-ray diffraction (XRD), Scanning Electron Microscopy-
Energy Dispersive X-ray spectroscopy (SEM —EDS), and Fourier transform infrared (FTIR),
compression tests.

Chapter 5, the damage is analyzed in CACP when subjected to high temperatures, a
methodology to quantify the damage is implemented and the values are related to factors
such as:

1. Temperature
2. Water/Cement ratio (W/C)
3. Alumina content

Chapter 6 is analyzed the damage and high temperature behavior in CACP 51wt%, added
with silica to know its influence on the amount of damage and the transformation of the
phases, using TGA test.

Chapter 7, the kinetic of the CACP 71wt% when is subjected to high temperature are
analyzed and modeled, using thermal analysis methods with techniques non-isothermal.

Chapter 8, results of high temperature creep analysis, micro mechanisms and damage
analysis are established.

Chapter 9, it’s about, general conclusions and some recommendations
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1.2 OBJECTIVES

1.2.1 GENERAL OBJECTIVE

Conduct an experimental study of CACP, with different alumina contents and water /cement
ratios subjected to temperatures of 500, 800 and 1000°C, to know their behavior in their
microstructural phases and against damage.

1.2.2 SPECIFIC OBJECTIVES

1. Determine the characteristics of the microstructure, mechanical properties and
chemical composition to know the initial conditions of the starting calcium aluminate
cement.

2. Toevaluate the effect of temperatures (500, 800 and 1000 °C) on CACP, for different
water/cement ratios, on the microstructure.

3. Quantify the damage occurred at temperatures (500, 800 and 1000 °C) in CACP for
different water/cement ratios.

4. Propose a phenomenological mathematical model that describes the behavior at
temperatures (500, 800 and 1000 °C) in calcium aluminate cement pastes in relation
to the microstructure, type of cement and the water/cement ratio.
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2. CHAPTER 2: THEORETICAL CONSIDERATIONS AND STATE OF
THE ART

2.1 INTRODUCTION

The CAC is a hydraulic cement that is formed by reaction of lime and alumina, either by a
sintering process, or by fusion (clinker). More appropriately [10]:

Calcium aluminate cements are obtained by fusing or sintering of a mixture of suitable
proportions of aluminous and calcareous materials and milling the resulting product to
fine powder.

The main mineral phases present in the CACs are calcium mono aluminate (CA), calcium
dialuminate (CA2), dodecalcium heptaaluminate (C12A7) and alpha-alumina (a-Al203). All
CAC properties depend only on their mineralogical phase composition. Until the early 1950s,
commercially available CACs contained large amounts of Fe2Oz and SiO> as impurities. The
presence of these oxides limited the use to relatively low temperature applications. In the late
1950s, higher-purity calcium aluminate cements were obtained which expanded the use of
refractory concretes and higher temperature applications. A CAC classification comprising
only three groups based on alumina content and purity; low purity, intermediate purity and
high purity, which is given in Table 1.

Table 1. CAC classes based on impurities [11].

Phase: wt% Low purity Intermediate purity High purity
SiO2 4.5-9.0 3.5-6.0 0.0-0.3
Al2O3 39-50 55-66 70-90
Fe203 7-16 1-3 0.0-0.4
CaO 35-42 26-36 9-28

The specific gravity of the CACs varies between 3.00 and 3.25 kg/m® and is also largely
controlled by the iron content. It is reasonable to assume an apparent density is 1.44 g/cm?,
but as with all cements, values between 1.12 and 1.74 g/cm® can be obtained, according to
the method applied. The specific surface area measured by the British Standard method can
vary between 2.500 and 4.000 cm?/gr.

2.2 RAW MATERIALS

Calcium aluminate cements are prepared by mixing, melting or cooking and subsequent
cooling and milling of mixtures of calcareous and aluminous materials [11]. Lime is mainly
used and it is often used hydrated due to its easy availability and purity factors. Hydrated
lime is calcium hydroxide with the chemical formula of Ca(OH).. In hydrated lime, a
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sufficient amount of water has already been added at the manufacturing stage to fully hydrate
it. As for the aluminous materials, different types are used in the production of CACs that
contain Al,O3 depending on the quality or purity. The requirements for the final product and
the cost are as follows:

e Calcined alumina (for high purity CAC)
e White fused alumina and
e Reactive alumina

The calcined alumina offers plasticity, better rheological properties and plays a significant
role in fluency. [11]. The calcined alumina is aluminum oxide that has been heated to
temperatures above 1.050 °C to expel almost all chemically combined products with water.
In this way, alumina has a high chemical purity, high density and a high melting point
(slightly above 2.050 °C). White molten alumina is produced by melting calcined alumina
above 2040 °C in an electric arc furnace. It has a very high chemical purity (> 99% Al203),
high refractoriness, abrasion resistance, as well as inert, but very expansive chemicals.
Reactive alumina is the term normally given to a relatively high purity alumina and a small
crystal size (<1 mm) is sintered in a completely dense body at temperatures lower than
alumina low in soda, medium in soda or alumina of ordinary soda. "Reactive” alumina
powders are normally supplied after intensive grinding that breaks the agglomerates
produced after calcination [11].

2.3 ANHYDROUS PHASES

The properties of the constituent minerals of CACs as their typical chemical composition in
their anhydrous phase are shown in

Table 2.

Table 2. Properties of the constituent minerals of CAC [12].

Chemical composition Tm  Density Crystal Formation
Mineral (Wt%) (°C)  (g/cmd) structure Enthalpy
CaO Al:0; Fex03 SiO2 [kJ/mol]
C 998 - - - 2570 3.32 Cubic -
CreA7 486 514 - - 1405- 2.69 Cubic -
1495
CA 354 646 - - 1600 2.98 Monoclinic -2323 [13]
CA, 217 783 - - 1750- 291 Monoclinic - 4023 [14]
1765
C2S 65.1 - - 34.9 2066 3.27 Monoclinic -

C/,AF 462 209 329 — 1415 3.77 Orthorhombic —
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CAS 409 37.2 - 21.9 1590 3.04 Tetragonal -
CAs 84 916 - - 1830 3.38 Hexagonal -
Al>;03 - 99.8 - - 2051 3.98 Rhombohedral

A fundamental difference of CACs with PCs is the content of Al>Oz and SiO». For CAC the
SiO content is < 15% preferably < 5% and for Portland cement it is > 18%. For CAC the
content of Al2O3 is > 30% and for PC < 6%. Other important differences between these
cements is shown in Table 3.

Table 3. CAC and PC modules

Modulus PC (wt%o) CAC (wt%o)
Hydraulic module

1.7-2.3 0.55-0.8
%Ca0 — 0.7%S05

%Si0, + Al,05 + Fe, 0,

Silicon module
1.6-3.2 0.08-0.35
%Si0,

%Al,0; + Fe,04
Flux module

0.6-2.5 2.9
%Al,03

%Fe, 03

2.4 CAC HYDRATION PROCESS

Hydration is an exothermic process and at the same time highly dependent on experimental
factors such as [15-17]:

- Agitation (homogeneity)

- Temperature

-W/C

- Time

- Cement reactivity (particle size)

- RH: Relative humidity of the environment
- Alumina content

- Content of minority phases

- Crystallinity of main phases

- pH (alkalinity. Presence of alkalis)
- Porosity
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The influence of these factors often hinders the identification and quantification of all the
phases present and the understanding of hydration itself, a fact that is confirmed by the
existence of a large number of scientific papers on the subject, which makes its understanding
many times confusing the physical and chemical processes involved during hydration are not
yet well-known [18-23].

Several approaches to describe the nature and formation of hydrates during the early stage
have been reported in the literature [21,24,25]. Conductivity and pH measurements, generally
performed in dilute systems, allow hydration to be described as a solution and a precipitation
process [24,25].

Hydration products and their phases are responsible for the formation of the hydraulic bond
and the mechanical properties in green of refractory ceramics. However, these hydrated
phases, when are heat treated, decompose, generating products that crystallize in the form of
highly reactive non-hydrated calcium aluminates, responsible for the formation of ceramic
bonding (sintering process) at temperatures significantly lower than those needed if starting
from the same aluminates of calcium [26-29].

The main hydraulic phase of all CACs is the CA phase. Of all the influencing factors the
temperature is the most important, the hydration products depend significantly on the curing
temperature [19,24,30]. According to several studies, the initial hydration product that
emerges within the temperature range between 0 and 15°C is predominantly CAH1o, while
between 15°C and 35°C the predominant phases are CAHio, C2AHgs of hexagonal
morphology and amorphous AH3 [23,31-34]. CA hydration is primarily responsible for the
early development of resistance, while CAz hydration contributes after the main CAC
hydration reaction has already been exceeded [35].

When the CaO/Al;Os ratio exceeds the unit, small amounts of C2AHg are also found as a
result of CA2 hydration or CAHz1o conversion (see section 2.3) [36].

After longer periods of hydration, the amorphous phases can become crystalline phases, such
as CAH1o, C2AHg /C2AH7 5 and AH3[1,30,37-39]. In the temperature range between 35 and
90 °C, however, the only stable phases of CAC are Cs3AHs, called Hydrogarnet,
Hydrogrossular or Katoite, together with aluminum hydroxide, AHs, known as Gibbsite,
which is precipitated [30,40,41].

In white CACs, rich in Al2Os3, calcium mono dialuminate (CAz) is the second major phase
that emerges [31]. CA> tends to react very slowly within the first 48 hours. For this reason,
in many previous studies, CA hydration alone has been intensively investigated. For a long
time, hydration of CA> was an open problem [42] and it was even assumed that CA> was
inert. Then, different researchers reported the hydraulic reactivity of CA» [43-45], although
the reported reactivity was lower than the reactivity of CA. Chudak et al [46], also
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investigated pure CA with 70% by weight of Al,Oz, and described a slow hydration of CA>
for several days.

Negro et al [47], concluded that the solubility of CA> is much lower than that of CA. This
could explain the very low hydration reaction of CA,. Edmonds et al [48] reported the
hydraulic activity of CAz in Secar 71, which begins after 28-48 hours, lasts several months.
AHz was observed by Song et al [16], to precipitate during CA> hydration at room
temperature. Equations (1) summarizes the hydration reactions of CA and equations (2)
summarizes the hydration reactions of CA> [3,19].

CA + 10H < 15°C CAH,,+ hot
CA + 11H ~30°C C,AHg + AH,+ hot 1)
3CA + 12H > 35°C C3AH, + 2AH+ hot

CA, + 13H < 15°C CAH;, + AH, + hot (2)
2CA, 4+ 17H ~30°C C,AHg + 3AH, + hot
3CA, + 21H > 35°C C3AH¢ + 5AH; + hot

It should be noted that, in contrast to Portland cement, calcium hydroxide Ca (OH)2 (slaked
lime) is not formed at normal temperatures under any circumstances, which is a reason why
the CAC is resistant to sulfate and dilute acid attack. However, if lime is added to the
aluminous cement, either in the form of slaked lime or combined as Portland cement, C2AHg
is rapidly formed, resulting in very rapid setting and reduced final strength [49]. The pH of
the aqueous phase of the CAC pastes is approximately 12. This value does not change due to
the conversion of hexagonal aluminate to cubic, but it does change significantly when the
cubic phases are carbonated, pH 7-8 as in all carbonated concrete. Table 4 shows some
properties of the hydrated phases.

Table 4. Densities, molar masses of the hydrated phases and enthalpy of formation
[10,50,51].

Hydrated Phase Density [g/cmq] Molar mass [g/mol] Formation
enthalpy [kJ/mol]
CAHo 1.72 338.1 -
C2AHs 1.96 358.2 -5433 [52,53]
AHs 2.44 156.0 -2578 [52]

CsAHs 2.52 378.3 -
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2.5 PHASES OF THE HIDRATION PROCESS

1. CA hydration:

Equations

(1) show the hydration products resulting from exposure of CA with water. At
temperatures below 15 °C, CAH1o of hexagonal morphology is fundamentally formed
and as the temperatures rises above 15 °C, CAH,, hydrate crystallizes at C>AHs
preserving hexagonal morphology and amorphous gels of composition AHx and small
amounts AHs crystalline. At temperatures above 35 °C, C,AHg dissolves and
recrystallizes in the form of cubic C;AH¢ and crystalline AHzis formed in considerable
quantity.

2. CA: hydration:

Equations (2) show the main hydration products that result from CA> coming into
contact with water. Pure CA; reacts slowly with water, at temperatures below 15 °C,
forming CAHz1o, AH3s (crystalline gibbsite) and aluminum hydroxide gel, with small
amounts of C2AHg. Note that the hydration products of CA; are the same as those of
CA, except for the small amounts of AHs (crystalline gibbsite), aluminum hydroxide gel
and C>AHg that are generated in small quantities at temperatures below 15 °C. In the
presence of pure CA, CAz hydrates at a moderate speed [54-58]. Freitas et al [59] when
studying the hydration of pure CA: pastes at 60 °C with a ratio of W/C=3, they conclude
that depending on the temperature the hydration of calcium dialuminate is not a slow
process as stated in the literature.

3. Ci12A7 hydration or Mayenite:

This compound hydrates faster than CA and CA.. At temperatures below 15 °C, its main
reaction product is a mixture of aluminum hydroxides gel, CAH1o and CoAHg which,
depending on time and temperature, become cubic C3AHe, while amorphous aluminum
hydroxide crystallizes in the form of AHs [60,61]. Due to the high proportion of C/A
(CaO/Al203) that may be required to form Mayenite, this calcium aluminate forms a
smaller amount of aluminum hydroxide gel and crystalline gibbsite than the other
calcium aluminates.

4. Hydration of calcium aluminate phase mixtures:
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In the hydration of the CACs the presence and quantity of one phase can significantly
affect the hydration kinetics of another. This is due not only to the exothermic nature of
the hydration reactions of calcium aluminates, which increases the temperature of the
mixtures, but also to the physical and chemical properties of the hydroxylic layer formed
on the surface of aluminate particles of calcium that blocks the diffusion of water. In the
literature there are several investigations that try to establish the behavior during the
hydration of mixtures of different calcium aluminates, but there are conflicting results
in this regard [21,54,57,62,63].

2.6 CAC CONVERSION PROCESS

According to the phase equilibrium [64] CAH1o0 and C2AHgs/C2AH7 5 are thermodynamically
metastable and hexagonal morphology phases, they have a higher solubility than stable
phases and above 35 °C they are converted to the C3AHs phase of cubic morphology.
Equations (3) summarizes the conversion reactions:

3C,AHg — 2C;AH4 + AH; + 9H 3)
3CAH,, » C3;AH, + 2AH; + 18H

It is noted that the conversion reactions (3), produce a considerable reduction in the volume
of solid products, the water released is 27 wt.% of CAH,, and 15 wt.% of C,AHg. The
released water is incorporated into the available spaces (pores) or creates them. Since the
reactions occur after the cement has set and hardened, the overall dimensions, which are
essentially constant, are stabilized, so the change in density (see Table 4) has to be
compensated by an increase in porosity. This increase in porosity, consequently, reduces its
mechanical properties, and the possibility of development of micro cracks. The increased
porosity also leads to an increase in permeability, so that the paste, mortar or concrete become
more susceptible to chemical attack by dissolved salts, acids or alkalis in groundwater
[40,65]. Porosity increases depending on external conditions (such as humidity and
temperature), the conversion process can last up to several years [51] and additionally is
accompanied by the release of free water, which contributes to the decrease in resistance
caused by a greater porosity [51]. In refractory applications, the conversion to (CzAHeg) does
not play any role because the hardened mold will always be heated before use.

The process of converting the stable meta phases to the stable phases in the presence of water
is a chemical reaction process, that is, the reaction proceeds at a rate that varies exponentially
with temperature. The easiest way to express this is to estimate the time required at any
temperature for the chemical reaction to have traveled half the way, as shown in Table 5
[49,50,66].
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Table 5. Chemical test on CACP with W/C = 0.26

Time required for semi-conversion Temperature (°C)
(conservation under constant humidity conditions)
30 years 18
10 years 23
1 years 33
90 days 40
28 days 45
7 days 52
3 days 55
1 days 60

It should be taken into account that the change in resistance is not necessarily proportional to
the degree of chemical conversion. The speed and extent of the conversion are greatly
affected by the presence of moisture. The conversion of small laboratory samples is much
slower in air with normal humidity than in water and can finish completely in totally dry air,
regardless of temperature, so fundamentally humidity and temperature are the factors that
catalyze or not, the conversion process. It should be noted that the conversion is not
invariably accompanied by a drop in resistance. CAC paste exposed to the effect of seawater,
showed by mineralogical examination to have undergone almost a complete conversion after
about 30 years. However, the converted concrete still maintained its original strength and has
resisted the action of seawater. Therefore, it seems that the conversion may not result in a
decrease in resistance if the reaction has occurred quite slowly [66].

To express the degree of conversion in quantitative terms, a definition is required. For
laboratory work, the degree of conversion is expressed in the equation (4):

Weight C;AHg * 100 (4)
Weight C;AHg + Weight CAH;

Since the C3AHe in the CAC is decomposed by carbonation and the amounts of Cz3AHs and
AHg3 are not very different (at 50% conversion there will be no errors greater than 4% using
the above equation or the one that follows), it can be used equation (5) [67]:
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Weight AH; * 100 (5)
Weight AH; + Weight CAH,,

The degree of conversion can be analyzed, using DRX, using the reflection of 14A for CAH1o
and reflection 2.82A for gibbsite AHs. The phenomenon of the conversion should not only
refer to the passage of hexagonal hydrated aluminates to the cubic form, accelerated by high
temperature and humidity, but also to the stiffening of the alumina gel when passing to
crystallized gibbsite, of greater density, with the consequent increase in porosity and decrease
in volume. It is difficult to assign a correct percentage of participation in the phenomenon of
conversion to each of the two agents that motivate it.

2.7 NON-ISOTHERMAL ANALYSIS

The study and modeling of micro mechanisms that govern solid state reactions and high
temperature kinetics is of fundamental importance to characterize various physical and
chemical phenomena in organic, inorganic and metallic systems. Adequate modeling
provides valuable qualitative and quantitative information on thermal properties, and most
importantly, kinetic information on phase transformations [68], crystallization of metal
glasses [69], solid state precipitation [70,71], decomposition [72], quasicrystalline structure
of amorphous metals and alloys [73] and structural changes associated with nanomaterials
[74].

The modeling of the kinetic micro mechanisms due to the behavior with the temperature in
the solid state reactions, is established by theoretical considerations about the limiting step
of the reaction, which involves aspects such as the diffusion of products of the decomposition
of the reactants through a growing layer of reaction products, and considerations on the
progress geometry of the reaction, size and shape of grain [75-78]. In this way, the
researcher’s task is to select among the types of models the ones that best fit mathematically,
the one that most likely can describe the physical reality in correspondence with the
phenomenology of the process and of the solid studied, with the use of the appropriate
experimental procedures, methods and techniques for this purpose.

The kinetic study of thermally activated reactions can be performed both in an isothermal
regime (constant sample temperature); as non-isothermal, when the sample temperature
varies, and usually increases with constant (linear) heating rate [79-81]. The merits of the
isothermal methods are: their computational and procedural simplicity, greater experimental
accuracy of the results, but also has some experimental drawbacks. The biggest problems of
the isothermal study are [76,82]:

1. If the sample undergoes a considerable reaction when the temperature has not yet
reached the preset value, the results obtained by this method are questionable, because
some degradation may occur during the preheating period, particularly when the
reaction start temperature is considerably lower than the temperature of isothermal
tests. In isothermal methods, some reactions take place, totally or partially, before
reaching the working temperature;
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There is uncertainty when setting the reaction start temperature;

It is necessary to use considerable quantities of samples, in addition to tedious work
and long periods of time;

The evolution or consumption of heat during the process (exothermic or endothermic
reactions) can significantly differentiate the temperature of the sample respect to the
control, the situation is especially serious due to the fact that, under isothermal
conditions, for a typical process in solid state, the degree of reaction tends to be
maximum at the beginning of the transformation. This causes uncertainty in the
experiment since the temperature at which to refer the reaction rate is doubtful.

Non-isothermal heating (following a linear temperature program) solves these problems. The
new technologies for development of devices, of regulation and control of high precision for
the measurement of changes in temperature, mass and heat, in the market of scientific
instrumentation have motivated that conventional isothermal methods are displaced by non-
isothermal and even now, they are more popular for the kinetic study of heterogeneous or
solid state reactions [75,76,78,83,84].

The use of non-isothermal methods for the calculation of the Kinetic parameters of the
reactions instead of the conventional isothermal methods is fully justified [75,81,85-90]..
The non-isothermal method (in particular, the one based on non-isothermal TG data) has
several advantages [91,92].

1.

The complex dependence of the speed of the reaction with the temperature, which
makes the analytical treatment of the data complicated and prone to errors of low
and/or over estimation.

The kinetics can be established in a complete temperature range continuously, in the
entire temperature range in which the reaction takes place, without any temperature
ranges not covered, as is the case with isothermal methods.

It is possible to obtain a lot of information with a single sample, that is, the thermal
parameters, such as the temperature of the maximum decomposition rate, the
characteristic temperature and the kinetic parameters.

The determination of the kinetic and thermodynamic parameters using a single
sample eliminates the problem derived from different samples, that is, errors from
sample to sample are avoided.

The main disadvantages of non-isothermal methods are:

N

The possibility of overlooking a possible change of mechanism during the course of
the reaction.

Greater susceptibility to procedural factors.

The existence of temperature gradients in the reacting substances, which increase
with the grain size, the degree of packaging and with the heating rate [88]. This causes
the surface of the sample to react more quickly (because it is at a higher temperature)
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than the interior, thus obtaining a non-uniform reaction rate. This difficulty can be
reduced by working with small masses and mild heating rates [93-95].

Knowing the dynamics and the mechanisms that govern the high-temperature behavior of
ceramic materials is essential for its design, the understanding of its failure mechanisms and
its performance properties. In this chapter a review of the main mathematical models
associated with the high temperature behavior of ceramic materials investigated by thermal
analysis methods is made. Its classification, its scope, advantages and sales when modeling
solid state reactions in these materials. The differential and integral models are reviewed in
some detail.

2.8 HETEROGENEOUS SOLID-STATE REACTIONS

Heterogeneous solid-state reactions occur when two phases, A and B come into contact and
react to form one or several phases of different product C and/or D. A and B can be chemical
elements or compounds. A study of solid state reactions has three aspects namely [96,97].

e Phenomenological,
e Kinetic and
e thermodynamics.

The phenomenological study deals with the qualitative observation of the phenomena that
occur during the solid-state reaction. The thermodynamic approach involves the study of
equilibrium states, while the kinetics is related to the reaction rate and the mechanism of
decomposition. This review focuses mainly on phenomenological and kinetic aspects.

Solid state reactions can be classified as [98]:

A(solid) — B(solid) + C(gas)

A(solid) +B(solid) — C(solid) + D(gas)
A(solid) + B(solid) — C(solid) + D(solid)
A(solid) — B(solid) + C(liquid)

A(solid) + B(gas) — C(solid)

g E

The common aspect of these reactions is that they involve an interface between the reactant
and the solid product, which gives rise to a special, particular kinetics, which has features
common to all types of reactions indicated. In solid state reactions: a solid that is stable at
ordinary temperature, to undergo decomposition with a measurable velocity, it would need
energy, in the form of heat. In heating, a solid may undergo physical and / or chemical
changes, which may include [98]:
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1. Phase changes,

2. Sintering,

3. Fusion and

4. Thermal decomposition

The activation energy is defined as the difference between the internal energy of the system
in the transition state and that of the initial state, it is that minimum amount of energy required
to initiate a chemical reaction, phase transformation or activation of some mechanism
[75,99]. Thermal stimulus activation of a heterogeneous reaction is one of the most common
methods to study the kinetics of a process. The most commonly used experimental techniques
to study thermally activated mechanisms are thermal analysis methods. Mackenzie [100] has
classified these methods as

. Thermo-gravimetric analysis or thermogravimetry (TGA) - (TG)
. Differential thermogravimetry (DTG)

. Determination of isobaric change in weight

. Differential thermal analysis (DTA)

. Differential scanning calorimetry (DSC)

. Dilatometry

. Analysis of evolved gases (EGA)

~No ol h~ W

However, these methods of thermal analysis alone are not sufficient for a complete, more
accurate and consistent analysis of the nature of the process. For this reason, it is necessary
to complement thermal analysis techniques with characterization methods. For the chemical
and mineralogical composition, such as:

. X-ray diffraction (XRD)

. X-ray fluorescence (XRF)

. Fourier-transform infrared spectroscopy (FTIR) and microwave
. Dynamic reflectance spectroscopy

. Steam phase chromatography

. Mass spectrometry (MS).

. Electron paramagnetic resonance (EPR)

00O NO O b~ WNEF

. Nuclear magnetic resonance (NMR).

For the morphology analysis characterization methods are used such as: scanning and
transmission electron microscopy (SEM and TEM). Thus, while thermal analysis methods
can provide important determinations to the global kinetics of a thermally activated
mechanism, the complementary techniques allow to deepen the analysis of the reaction
mechanism and reach coherent and well-supported conclusions of the phenomenon that
limits the speed of the process studied [76,77].
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2.9 CONCLUSIONS

e The use of non-isothermal methods for the calculation of the kinetic parameters
of the reactions instead of the conventional isothermal methods is fully justified.
[75,81,85-90]

e The difficulties of non-isothermal methods can be reduced by working with small
masses and mild heating rates [93-95].
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3. CHAPTER 3: EXPERIMENTAL PROGRAM AND METHODOLOGY

3.1 METHODOLOGY

This thesis was developed in two main phases:

Experimental phase: in this phase via a characterization program: chemical,
mineralogical, thermal, morphological (micro structural) and mechanical, an
experimental study of the CACs is carried out in its anhydrous and hydrated
phase, before and after subjecting the pastes to high temperature, particularly at
500°C, 800°C and 1000°C, (samples subjected to constant stress (creep) and
without stress) with the idea of thoroughly knowing the starting raw materials and
obtaining information particularly on the behavior at these temperatures, at
microstructural level, on the micro mechanisms that govern these behavior,
related to factors such as:

Temperature
Water/Cement ratio (W/C)
Alumina content

Micro silica content.

oo o

The temperatures of 500, 800 and 1000 ° C were selected based on a review of
the state of the art. At 500°C, the amorphousity is decreased and some peaks
characterizing monocalcium aluminate are detected [101,102].

Micro silica containing bonding systems, which can contain zeolitic calcium
aluminate silicate hydrates, begins dehydration at temperatures above 500°C
and then develop gehlenite and/or anorthite. Additionally, the pores filled with
fine SiO2 and possibly the precipitation of the partially suspended silica contribute
to strength development in the temperature range of 500-1000°C [103].

At 800 ° C the formation of C12A7 and CA:z begins (pH 7, 8 and 10) and in the
range from 900 to 1100 ° C the formation of CA [38,104].

Structure of the formed CAC stone hydrates and the contours of the crystal forms
of hydrates remain unchanged after dehydration, which finishes in heating the
CAC stone at 800 °C [38].

when the cement stone is heated at the temperature of 1000 °C - the amount of
fine particles and pores increase highly. at this temperature, the reactions in solid
state materials proceed and as a result the amount of C12A7 is decreasing, while
the amount of CA and CA; are increasing [38].

Mathematical modeling phase:
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In this phase a mathematical modeling is made from the data and the experimental
curves obtained in Phase I. The study and modeling of micro mechanisms that
govern solid state reactions and/or high temperature Kinetics is of fundamental
importance for characterize various physical and chemical phenomena. Proper
modeling provides valuable qualitative and quantitative information on thermal
properties, and most importantly, kinetic information on phase transformations,
decomposition by dehydration or other reactions.

The kinetic study of thermally activated reactions was performed in a regime non-
isothermal, when the temperature of the sample varies, and increases with a
constant (linear) heating rate. Creep mechanisms were established using theta
projection methods

As indicated above, the general objective of this experimental study is conducting an
experimental study of CACP, with different alumina contents and water/cement ratios
subjected to temperatures of 500, 800 and 1000°C, to know their behavior in their
microstructural phases and against damage.

Therefore, different CAC powder types were used. Different pure CACPs were prepared and
added with silica to be subjected to a program of different temperatures to carry out a thermal
analysis of the behavior of their phases. The characteristics of the materials used in this study
are given in the following sections and details of the experimental study will be discussed in
the following sections.

3.2 MATERIALS

Two types of CAC powders were investigated. Details of chemical composition are presented
below.
CHEMICAL COMPOSITION OF RAW CAC POWDERS

Sample Chemical Composition (wt%o)

AlOs CaO SiO2 TiO2 Fe:03 KO P20s ZrO2 MoOs
CAC51wt% 5212 3782 525 187 181 0.128 0.108 0.086 0.052
CAC 71wt% 71.09 28.38 0.238 - - - - - -

The distribution of granulometry of the CAC powder was determined by laser diffraction,
which showed an average grain size of 4 um.

Samples of CACP 51 and 71 wt% were fabricated with W/C = 0.4 and additions of high
purity micro silica (SiO2) with 10 wt% and 20 wt%. The micro silica presents a 99.98 and
98.9% purity, granulometry of 2 um and 0.16 um, respectively, was obtained from a
Colombian natural source.
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Details of the manufacturing conditions and dimensions of the specimens studied in this
study, such as the mechanical, chemical, and morphological characterization of CAC
powders and manufactured CACPs, were published in the Journal "Materials
Characterization" and are shown in the Chapter 4.

3.3 SAMPLE MANUFACTURING PROGRAM

The designs of experiments carried out in this study are described in the form of tables that
are presented in each chapter corresponding to the particular analysis carried out, distributed
as follows:

e Chapter 4. Corresponds to the Characterization of raw materials and manufactured
samples.

FORMULATIONS FABRICATED FOR CEMENT PASTE SAMPLES

Samples Cement type Temperature (°C) Water/cement (W/C)
1 CAC 51wt% 20 0.4
2 CAC 51wt% 20 0.5
3 CAC 71wt% 20 0.4
4 CAC 71wt% 20 0.5

e Chapter 5. Behavior with the temperature CACP 51 and 71 wt% pure, without

additions of silica.
CEMENT PASTE SAMPLES FABRICATED FORMULATIONS

No Cement type Temperature (°C) Water/Cement (W/C)
1 CAC 51wt% 20 0.25,0.3,0.4
2 CAC 51wt% 20 0.25,0.3,0.4
3 CAC 51wt% 20 0.25,0.3,0.4
4 CAC 71wt% 20 0.25, 0.3, 0.4,
5 CAC 71wt% 20 0.25,0.3, 0.4,
6 CAC 71wt% 20 0.25,0.3, 0.4,

e Chapter 6. Behavior with CACP temperature 51wt added with silica.

FORMULATIONS FABRICATED FOR CEMENT PASTE SAMPLE WITH
ADDITIONS OF SILICON OXIDE

Formulations
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No CEMENT W/C Si0, Wt% T (°C)

0
CAC 51wt% 0.4 10 20
20

WIN| P

e Chapter 7. Behavior with the temperature CACP 71wt added with silica.
FORMULATIONS FABRICATED FOR CEMENT PASTE SAMPLE WITH
ADDITIONS OF SILICON OXIDE

Formulations

No CEMENT wWi/C SiO2 - wt% T (°C)
1 0

2 CACP 71wt% 0.4 10 20

3 20

e Chapter 8. Creep behavior of CACP 51 and 71 wt% added with silica.

FORMULATIONS FABRICATED FOR CEMENT PASTE SAMPLES WITH
ADDITIONS OF SILICON OXIDE

Sample wi/C SiO2 (Wt%) T (°C)
CACP 51wt% 0.4 0 20
CACP 51wt% 04 10 20
CACP 51wt% 04 20 20
CACP 71wt% 04 0 20
CACP 71wt% 04 10 20
CACP 71wt% 04 20 20

3.4 EXPERIMENTAL TESTS
MECHANICAL CHARACTERIZATION

3.4.1 POROSITY, DENSITY AND ABSORPTION TESTS

Porosity, density and absorption were established under the tests and requirements
established in the international standard ASTM C 642-97 for CACP. The mass
measurements required by this standard were performed with a Mettler Toledo
AB204 balance with a sensitivity of 0.1 mg.

3.4.2 GRANULOMETRY TESTS
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The distribution of granulometry of the CAC powder was determined by laser
diffraction. DTP - LASER - MS 3000 - MALVERN

3.43 COMPRESSION TESTS

The compression tests were conducted in a universal Shimadzu Autograph apparatus
at a crosshead speed of Imm/min.

CHEMICAL AND MINERALOGICAL CHARACTERIZATION

3.4.4 X-RAY FLUORESCENCE (XRF) TESTS
XRF tests were conducted in a Thermal spectrometer model OPTIM’X.

3.45 X-RAY DIFFRACTION (XRD) TEST

XRD characterization were done in a X’Pert PRO diffractometer with Cu Ka
radiation of 1.5406 A)

3.4.6 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) measurements were collected with
a Shimadzu IR Tracer-100 apparatus. The scanning range was between 400 and 4000
cmL. The test is performed Attenuated total reflection (ATR).

TESTS FOR MICROSTRUCTURAL AND MORPHOLOGICAL ANALYSIS

3.4.7 SCANNING ELECTRON MICROSCOPY (SEM)

A JEOL JSM - 6490 Scanning electron microscopy (SEM) was used to observe the
microstructure. The scanning was performed between 26 of 5 to 70°, with a step size
of 0.02°. Secondary electrons were used for a better definition of the surface texture.

THERMAL TESTS

3.48 HEATING TESTS
Heating tests were done in a Nabetherm GmbH 30-3000 °C LT 9/12P330 with air
atmosphere

3.49 THERMAL GRAVIMETRIC ANALYSIS (TGA)
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Tests for thermal gravimetric analysis (TGA) were performed in an TGA Q500 VV20.8
Build 34. InstrSerial 0500-1190. Temperature range: (25°C to 1000°C). Control gases
flow: Scale: N2 — 10 ml/min Oven (optional): O2 — 90 ml /min; N2 — 90 ml/min;
Synthetic air — 90 ml / min. Purge gas conditions Gas Purity Composition Moisture
Nitrogen 99.995% N.. Oxygen 99.980% O.. Synthetic air 99.995% 20% O2 in N2
less than 3ppm H0O, at a rate of 10, 15 and 20°C/min. For the thermal study, these
heating speeds were chosen based on the review of the state of the art, with the precise
aim of comparing with other nearby studies and also to establish that results depend
on these heating speeds. Also, because at higher speeds it would be more of interest
if one wanted to study the effects of thermal shock and not the behavior of a
continuous increase in temperature. [105-110]

3.4.10 CREEP TESTS

High temperature compression tests were done in a self-made machine shown in the
Figure. This equipment has an external sensor that measures the strains at a
micrometric scale with the following functions and characteristics:

a) Zero setting at any position, b) ON/OFF button, ¢) Metric/Inch system interchange
at any position, d) With data output interface. Characteristics: ) Power: One 1.5v
SR44 hattery, f) Operating temperature: 0°C ~ 40°C, g) Storage temperature: -20°C
~70°C, h) Relative humidity: < 80%.

1. Alumina support with high melting point. 2. Sample submitted to creep tests. 3.
Resistance generating high temperature. 4. Alumina rod. 5. Load slip train. 6. strain
sensor. 7. Iron rod - sliding channel. 8. Weight that generates the stress of the test. 9.
Support for sensor displacement needle. 10. Metallic load support of high temperature
compression tests.

3.5 SOFTWARE AND SIMULATION TOOLS

351 HIGHSCORE PLUS
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HighScore Plus. Version: 3.0 (3.0.5). Date: 30-01-2012. Produced by: PANAlytical
B.V. Almelo, The Netherlands © 2012 PANAlytical B.V. All rights reserved.
Licensed to: Universidad de Antioquia. License number: 10004909.

XRD test results were processed in this software. The software was used for phase
identification and its chemical and mineralogical composition, phase quantification
by the Rietveld method. Determine crystallite size and micro strains using the
Williamson-Hall model.

352 MATLAB

R2016a licensed to Institucion Universitaria de Envigado.

This software was used to make a program that fits the experimental curves with the
creep curves using numerical nonlinear regression techniques. The parametric
mathematical model of the theta projection method was implemented to fit the
experimental curve.

3.5.3 EXCEL

Excel 2019. licensed to Institucion Universitaria de Envigado.
This software was used to graph the curves and calculate the Weibull parameters from
Weibull distribution in the damage analysis:

P.(0)=1—V, (Ui)m

0
o : Applied stress

o, . Characteristic stress
m : Weibull module

Vg : Effective volume
B. : Fracture probability

This software was also used to generate some curves as:

e Density, porosity and absorption vs formulation.

e Compressive strength.

e Damage probability.

e Length crack vs formulation.

e Loss of Strength, Amount of Damage, Loss of Density, Crystallite Size and
Micro strain vs formulation.

e Minimum creep rate, life time, activation energy creep and stress exponent vs
formulation.

3.54 ORIGINLAB

OriginLab 2019- Trial version.
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This software was used to reproduce the graph of the curves that are presented in the
different chapters of this thesis, particularly the curves generated by XRD and FTIR
tests.

3.55 RISKSIMULATOR
Risk simulator 2019. licensed to Institucién Universitaria de Envigado.
This software was used to perform the Monte Carlo simulation in the damage analysis
of the material. To perform the Monte Carlo simulation, the input data was associated
with the Weibull distribution. The mathematical models used by the RISK Simulator
are as follows:
Correlation coefficient:

Ny Xy — XX LY
Janf (S x)? Jnny (S

Where x and y represent the input data
Weibull distribution:

Tey =

xa

fx) = %[%]a_l e_(ﬁ

Mean:
pr(1+ a‘l)

Standard deviation:
BT+ 2a™Y) —T2(1+ a™ 1]
Asymmetry:
231+ H —-3r(1+ 8 Hraa+28H+r(1+38™YH
[F(1+271) —T2(1 + p~1)]3/2

Excess kurtosis =:
—6I*(1+ )+ 1221+ " Hr(1 + 27 H = 3r2(1+ 27 H —4r(1+ g Hr(1+ 3™ H +
r(1+38™YH
[F(1+2p71) —T2(1+pH]?

«a is a form factor
B is a central location scale factor
I" is the gamma function

Entry requirements: « = 0.05, 8 > 0.

356 IMAGEJ
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ImageJ 1.52v. Wayne Rasband. National Institute of Health, USA.
http://imagej.nih.gov/ij. JAVA 1.8.0_112 (64-bit). 3770K of 2987 MB (< 1%).

ImageJ is in the public domain.

This software was used to perform digital image processing and estimate the number
and length of cracks in material damage analysis.

3.5.7 TA UNIVERSAL ANALYSIS

TA Instruments. Universal Analysis 2000.Version 4.5A Build 4.5.0.5.
Copyrigh©1998-2007 TA Instruments-Waters LLC. All rights reserved
Universidad de Antioquia.

This software was used to process the results of the TGA tests, calculate and graph
the DTG curves as well as calculate the temperature intervals where changes are
registered in the thermal reaction processes.
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4. CHAPTER 4: STRUCTURE - PROPERTY - RELATIONS AND
WEIBULL ANALYSIS OF CAC PASTES

Structure property relational and Weibull analysis of calcium aluminate cement pastes

Zapata, John F., Maryory Gomez, and Henry A. Colorado. "Structure-property relation and Weibull
analysis of calcium aluminate cement pastes." Materials Characterization 134 (2017): 9-17.
ISSN: 1044-5803. https://doi.org/10.1080/21650373.2020.1737593

4.1 INTRODUCTION

This chapter presents a complete characterization of the raw materials used in this thesis in
its different compositions of CAC51wt%, CAC71wt%, CACP51wt% and CACP71wt%,
including the quantification of their microstructure with XRD by Rietveld refinement, SEM,
XRF, and FTIR. Density tests were also included. Additionally, a complete mechanical
characterization by Weibull analysis is presented and curves were built with twenty samples
per composition.

4.2 EXPERIMENTAL

Two types of CAC powders were investigated as shown in Table 6, from results obtained by
X-ray fluorescence in a XRF Thermal spectrometer model OPTIM’X. Thus, cement raw
powders were of two types, the first type has 52.12 wt% Al.Og, in this chapter will be known
as CAC 51wt%. The second cement raw powder has 71.09 wt% Al>Os, named in this chapter
as CAC 71wt%. Details of all other chemical components are presented in Table 6.

Table 6. Chemical composition of raw CAC powders

Sample Chemical Composition (wt%b)

Al2O3 CaO SiO2 TiO2 Fe03 KO P20s ZrO2 MoOs
CAC51wt% 5212 3782 525 187 181 0.128 0.108 0.086 0.052
CAC 71wt% 71.09 28.38 0.238 - - - - - -

In Table 7 is shown 2 types of cement paste samples fabricated in this research using two
types of CAC powder with 0.4 and 0.5 W/C. Pastes were mixed mechanically while kept at
20°C. In order to avoid carbonation processes and interaction with environment, cement paste
was poured in closed containers to air, and later removed from molds after 48 hours of curing.
Sample dimensions were 19 mm diameter and 22 mm height.
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Table 7. Formulations fabricated for cement paste samples

Samples Cementtype Temperature (°C) Curing time (hour) Water/cement
(WIC)
1 CACP 51wt% 20 48 0.4
2 CACP 51wt% 20 48 0.5
3 CACP 71wt% 20 48 0.4
4 CACP 71wt% 20 48 0.5

The compression tests were conducted in a universal Shimadzu Autograph apparatus at a
cross head speed of Imm/min. Sample dimensions were 19 mm diameter and 22 mm height.
XRD characterization was done in a X Pert PRO diffractometer with Cu Ka radiation of
1.5406 A) for both cement raw powders and for the fabricated samples. The scanning was
performed with 26 between 5 and 70°, with a step size 0.02°.

A JEOL JSM — 6490 Scanning electron microscopy (SEM) was used to observe the
microstructure of the powders and cured cement samples. Secondary electrons were used for
a better definition of the surface texture. Particle size distribution was also verified and the
corresponding curves were draw.

Fourier Transform Infrared Spectroscopy (FTIR) measurements were collected with a
Shimadzu IR Tracer-100 apparatus. The scanning range was between 400 and 4000 cm-1.
The test is performed Attenuated total reflection (ATR).

Density tests, the density of water was taken to be 1.0 g/cm3. A set of 8 samples per
composition was tested, and tests were conducted over some of the cylinders used for
compression tests.

4.3 RESULTS

In Figure 1 is shown XRD data for raw CAC powders with a) CAC 51wt.%, b) CAC 71wt%.
It can be seen that the CAC 51wt% and 71wt% presents as the main phase calcium aluminate
(CA) showing its peak of higher intensity in the angle 30.06. Additionally, the CAC 51wt%
presents two secondary phases: Wadsleyite with a main peak in the angle 35.44 and a
secondary peak in the angle 33.36; and Coesite with its main peak in the angle 28.933. Figure
l1a for CAC 51wt%, most peaks corresponds to calcium aluminate, while the diffractogram
shown in Figure 1b for CAC 71wt%, presents the contribution of two phases, CA and CA:
[111]. Both XRD patterns look very similar. The CA> shows its peak main peak at 25.4°
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Figure 1. XRD for raw CAC powders with a) CAC 51wt%, b) CAC 71wt%.
The phases identified from these diffractograms are shown in Table 8.
Table 8. XRD analysis of raw cement powder for CAC (before hydration)
Sample Composition (wt%o) Phases
Al203 (CA) Wadsleyite  Coesite (CA2)
CAC 51wt% 51 CaAl04 FesSiOg SiO2
CAC 71wt% 71 CaAl;04 - — CaAl4O7

Wadsleyite (FesSiOg) and Coesite (SiO2) were formed in crystalline form in CAC 51wt%
(see Figure 1a), because the CAC 51wt% contains 5.25 wt% of SiO2 and 1.81 wt% of Fe;O3
(see Table 6). The CAC 71wt% does not contain Fe>Osz and practically does not contain SiOx,
for that reason, these phases were not formed in this cement, (see Figure 1b).

Figure 2 shows the test results for raw powder XRD from CAC by Rietveld refinement: CAC
51wt% contains 95% CA, 2.6% Wadsleyite, and 2.1% Coesite, while CAC 71wt% contains
58.3% CAand 41.7% Grossite (CA2).




47

100

)

o\ 80 4

i}

&

-IE 60

D

2 -
8 40 - - CAE

@ Bl Coesite

:‘__6 2 Bl Wadsleyite
o B CA

CAC - 5Iwt% CAC - Tlwt%

Figure 2. XRD Analysis using Rietveld refinement for CAC Powder.

The Rietveld refinement of the CAC 51wt% powder did not detect phases containing TiO»,
K20, P20s, ZrO2, MoOs3, which implies that these phases can be classified as an impurity due
to the low content recorded by the XRF tests, see Table 6.

Figure 3 shows the SEM analysis results for raw powder from CAC. Figure 3a, CAC51 wt%,
the arrow indicates calcium aluminate grains, which is the major mineral, in Figure 3b, CAC
71wt%, the arrow indicates calcium aluminate grains, which is the mineral phase that is
formed for these contents of cements. There is concordance with the phases identified by
XRD and XRF.

20KV X10,000 1pm

Figure 3. SEM raw powder cements a) CAC51 wt% Al>0s, b) CAC71 wt% Al>Oz.
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Figure 4 shows that calcium aluminate (CA) and dodecalcium heptaaluminate (C12A7)
(Mayenite) has been formed in both cements. Both compounds of Mayenite and CA have
common spectral features, but exhibit fingerprints that uniquely identifies each one of them.
Characteristic transmittance bands of calcium aluminate cement powder phases reported in
the literature and found in this work are summarized in the Table 9.
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Figure 4. FTIR test results for raw powder a. CAC 51wt%, b. CAC 71wt%.

C12A7 appears because the ratio Al,0;/Ca0 < 4, for CAC 52% cement Al,05/Ca0 =
52.12/37.83 = 1.37 and for CAC 71% cement Al,05;/Ca0 = 71.09/28.38 = 2.50 (see
Table 6) [41].

C12A7 has a simple spectrum that is attributed to a cubic unit cell with polyhedral at lattice
positions [112]. In this instance, the polyhedral arise from tetrahedral-coordinated aluminum
with oxygen, the aluminum oxygen band stretches from which fall in the 700-900 cm™ range
[113]. Furthermore, the AlO4 tetrahedral in C12A7 contain one non-bridging oxygen (NBO)
atom that exhibits an infrared absorption near 855 cm™ [113]. Such AlQj tetrahedral with at
least one non-bridging oxygen are known as non condensed [114]. According to Tarte [114],
the band at 855 cm™* should be assigned to a condensed tetrahedral aluminum unit (where all
comers are shared and no non-bonding oxygens exist), but this strong band is the only
spectral feature that differs between C12A7 and CA, the latter of which is known to have all
condensed tetrahedral. Furthermore, a non-bridging corner in a polyhedron has a strong
extinction coefficient since the non-bridging oxygen, with a negative charge, is highly
polarizable. Thus, the 855 cm™ band should be properly assigned to non-bridging tetrahedral
units in C12A7. The narrowness of the 855 cm™ band is an indication of a uniform Al-O. It
can be observed that only high alumina cements form CA.. The deep reasons why this occurs
are explained in Chapter 5.
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Table 9. Characteristic absorbance bands of calcium aluminate cement powder phases

Phase Fundamental vibration (cm™) Reference
CA 840, 805, 780, 730, 720, 680, 640, 570, 540, 450, 420 [115,116]
CAC 51wt%: 804, 778, 451. CAC 71wt%: 776, 67, 640, 573,420  This work
Ci2A7 850, 780, 610, 575, 460, 410 [115,116]
CAC 51wt%: 413. CAC 71wt%: 573 This work

CA2 945, 920, 860, 840, 810, 745, 680, 660, 640, 575, 540, 440, 422 [115]
CAC 71wt%: 677, 640, 573, 440, 420 This work

Figure 5 shows the results of XRD tests. a) CACP 51wt% - W/C = 0.5, b) CACP 71wt% -
W/C =0.5, ¢c) CACP 51wt% - W/C = 0.4, d) CACP 71wt% - W/C = 0.4.

It can be seen in the Figure 5a, presents as the main phase of CAH1o, showing its peak of
higher intensity in the angle 39.35 and a secondary peak in the angle 17.32. Additionally,
presents two secondary phases, one of C2AHe showing its peak of higher intensity in the
angle 39.35 and a secondary peak in the angle 17.32 and another phase is AHs showing its
peak of higher intensity in the angle 31.02 and a secondary peak in the angle 21.24. Figure
5b, presents as the main phase of CAHz1o showing its peak of higher intensity in the angle
39.35 and a secondary peak in the angle 17.32. Additionally, presents three secondary phases,
C2AHe, AH3 and C3AHs. All showing its peak of higher intensity in the angle 18.42. Figure
5c¢, presents as the main phase of CAHzo, showing its peak higher intensity in the angle 39.43.
Additionally, presents two secondary phases, one of C2AHg and another phase of AHs, both
showing its peak higher intensity in the angle 18.60.

Finally, the Figure 5d, presents as the main phase of CAH1o, showing its peak higher intensity
in the angle 39.43. Additionally, presents three secondary phases, C2AHs, AH3z and C3AHs
showing their peaks of higher intensity in the angles of 18.70; 32.18 and 18. 70 respectively.
The phases identified from these diffractograms are shown in Table 10.
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Figure 5. XRD: CACP-51wt%. a) W/C=0.5, c) W/C=0.4. CACP-71wt%: b) W/C=0.5, d)
W/C=0.4.

Table 10. XRD Analysis for Calcium Aluminate Cement Paste

Sample Phases
See wt% WI/C CAH1o CoAHs AH3 C3AHsg

Figure  AlO3

6

I 51 05 CaAl,0uHx  CaAl:013His  Al(OH)3 -

I 71 0.5 CaAlbOwuH2 CaxAl013His  AI(OH)3 Cas[Al(OH)¢]2

1l 51 0.4 CaAl,O14Hz  CaAl2013His  Al(OH)s -

v 71 0.4 CaAl:014H2 Ca2Al:013His  AI(OH)3  Cas[Al(OH)s]2
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Figure 6. XRD Analysis using Rietveld refinement for Calcium Aluminate Cement Pastes.

The usual crystalline form of AHs from the hydration or conversion of CAC is gibbsite. It
has been indicated [117] that an acid environment favors the crystallization of the gibbsite, a
neutral CAH1o and a basic C3AHs. In a high pH of the solution would favor C3AHs formation
more than gibbsite formation, as can be seen in formulation Il and IV in Figure 6. However,
it must be considered that CsAHs, as its ages, can become AHs. This may explain that it is
normally the gibbsite that is normally found in the cement paste [117].

CACP-51wt% and CACP-71wt% and W/C=0.5 were analyzed by SEM and presented in
Figures 7a and 7b and with W/C=0.4, presented in Figure 7c¢ and 7d. As can be observed in
all formulations, the phases were formed in the form of hexa-aluminates, this is
fundamentally due to the temperature of hydration in our study is 20 °C. The arrow indicates
calcium aluminate decahydrate in the form of CAHio (Figure7a, 7b and 7d) and CoAHs
(Figure 7c). This is in agreement with the phases identified by XRD.
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Figure 7. SEM images CACP 51wt%:
a) W/C=0.5, c) W/C=0.4. CACP 71wt%: b) W/C=0.5, d) W/C=0.4

Figure 8 shows the results of FTIR tests for CACP and characteristic transmittance bands
reported in the literature. Figure 8 reveals the formation phases of CAH1, C2AHg and CzAHe.
In general, is observed that all the formulations several have identical hydrated phases, this
mainly because all the formulations were hydrated at the same temperature of 20 ° C.
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Figure 8. FTIR test results for CACP. CACP 51wt%:
a) W/C=0.4, b) W/C=0.5. CACP 71wt%: c) W/C=0.4, d) W/C=0.5

Figure 9 shows a relation of the bands of most interest, according to some authors and in this

work.

Table 11. Characteristic transmittance bands of CACP phases

Phase

Fundamental vibration (cm™)

3500, 3460 — 3380, 1100 — 850, 556, 524, 520, 420

CAH1g

420 (CACP51wi%-W/C=0.4), 3439 (CACP51wt%-W/C=0.5),

3451 (CACP 71wt% A-W/C=0.4)
36803600, 36803520, 3475-1600, 1145-1115, 1020-970,
775-730, 670-590, 565-535, 425-415

Reference
[118,119]
This work

[120]
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CAH1o 3653, 1019, 587 (5104), 962, 586 (CACP51wt%-W/C=0.5), This work
3525, 1026, 740, 585 (CACP 71wt% A-W/C=0.4). 3518 (CACP
71wt% A-W/C=0.5)

C2AHsg 3465, 1100-850, 535-520 (Overlapping bands) 530-420 [115,120,121]

420 (CACP51wt%-W/C=0.4), 3658 (CACP51wt%-W/C=0.5) This work

3670, 3665, 3540, 3495, 1650, 1015, 910, 740, 595 — 535, 524,  [115,119,121,122]

CoAHs 420
739, 420 (CACP51W1%-W/C=0.4), 740 (CACP 71wt% A- This work
WJ/C=0.4), 1015, 743 (CACP 71wt% A-W/C=0.5)
3670, 3600-3400, 700, 524, 412, 400 [115,120,121]
CaAHs 3665 [121]
3620, 3521, 3455, 3380,1020, 668, 560, 450 [120]
3361, 3378, 3428, 3518. 3616, 1020, 967 [113]
3685, 3613, 3520, 3445, 3390, 3372 [114]
AH3 3630, 3530, 3475 [121]
3457, 1019, 663 (CACP51wW1%-W/C=0.4), 3439 (CACP51wt%- This work

W/C=0.5), 3525, 3451, 1026 (CACP 71wt% A-W/C=0.4), 3616,
3518, 3455 (CACP 71wt% A-W/C=0.5)

Part of the water contained in the hydrated hexagonal calcium aluminates, CAH1o, is weakly
bounded [115]. Frequently, CAHx, C2AH; and C4AHy take values of X=10, Y=8, and Z=13.
These molecules can lose small amounts of water without significantly changing their
structure. This type of bond is involved in transformation from the hexagonal forms.

In the case of CAH1o which is the main hydration phase at 20 °C, the FTIR represent these
variations of water losses without changing the structure, mainly in the zones corresponding
to O-H stretching vibrations (between 3000-4000 cm™) and bend vibrations H-O-H (Between
1,600 -1,700 cm™), [123]. See Table 11 and Figure 8.

Figure 8 also shows a very intense and wide band for the CAH1o phase for all the formulations
studied in this work, which is associated with O-H valence vibrations in the region of 3525-
3653 cm™, with its maximum absorption at 3653 cm™. At 1026 cm™ (CACP 71wt%-W/C =
0.4), see Figure 8b, and at 1019 cm™ (CACP 51wt%-W/C = 0.5), see Figure 8c, a weak band
appears. This is associated with the bend vibrations H-O-H. The absorption at these
frequencies is due to carbonates produced by atmospheric CO, contamination [115].

The region of the spectrum corresponding to the region 1200-400 cm* presents bands of very
low intensity, which in this case may indicate little crystallinity. However, bands can be
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identified at 420 (CACP 51wt%-W/C = 0.4), see Figure 8a; and 1026, 740, 585 (CACP
71wt% -W/C=0.4), see Figure 8c.

In the case of CoAHg which is the second main hydration phase at 20 ° C presents absorption
band very intense bands at 3658 (CACP 51wt%-W/C=0.5) as shown in Figure 8c for the
vibrations O-H of water molecule. The region of the spectrum corresponding to the region
1.200-400 cm™* presents bands of very low intensity: At 739 and 420 for the CACP 51wt% -
W/C =0.4. And at 740 for the CACP 71wt%- W/C =0.4; 1015, 743 (CACP 71wt%- W/C
=0.5).

AH; shows an intense and characteristic peak at 3457 cm™ (CACP 51wt%- W/C =0.4), 3439
cm™ (CACP 51wt% - W/C =0.5), 3525 cm™ (CACP 71wt% - W/C =0.4), 3616 cm™* (CACP
71wt% - W/C =0.5). Figure 8.

Bayerite shows an intense and characteristic peak at 3455 cm™ (CACP 71wt% - W/C =0.5)
Figure 8d and the CAH10shows an intense and characteristic peak 3623 cm™ (CACP 51wt%-
WI/C =0.4), 3525 cm™ (CACP 71wt% - W/C =0.4) Figure 8c. Figure 9 shows compression
strength and density results for the CACP samples. As can be observed, CACP has an average
density of 1.9 g/cm? and higher alumina content gives higher strengths, ranging from 14 to
35 MPa after 28 days of curing.

Figure 9a is a summary of the mean compression strength for all formulations investigated
(see Table 12), showing that samples with CACP 71wt% - W/C =0.4 has the better results,
which is expected since both higher alumina contents and lower W/C contribute to better
strength results. Samples with CACP 51wt% do not show significant differences in
compression tests. Density tests in Figure 9b shows that as water contents increases, density
decreases, and as alumina content increases, density decreases as well. This last result is
obtained because samples with CACP 71wt% (C3AHs), which decreases the strength of the
samples and increases the porosity [51].

Table 12. Formulations

I 1 Il v

CACP 51wt%- CACP 51wt%- CACP 71wt%- CACP 71wt%-
W/C=0.4 W/C=0.5 W/C=0.4 W/C=0.5
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Figure 9. Mechanical tests: a) Compression strength, b) Density.

Figure 10 shows the Weibull analysis results for CACP samples (see Table 13). Weibull
distributions from Figure 10a, revealed a compression change from about 10 to 45 MPa, with
Weibull moduli ranging between 2.7 and 3.8, which is typical for cement-based materials
(see Figure 10c) [124].

There are some curve overlaps, but in general, as the alumina content increased, the strength
increased. The Weibull curve with CAC 71wt% - W/C=0.4 showed disruptive results, as it
is separated from all others by about 5 to 10 MPa. The corresponding linear equations used
to obtain the modulus are presented in Figure 10b, and the corresponding slope and the
Weibull moduli as a function of the cement paste composition are plotted in Figure 10c. Upon
optimization of the manufacturing processes or the use of chemical admixtures, these values
can be increased, and the corresponding compression strength variation decreased (Weibull
modulus increased).

Table 13. CACP samples

51A-04W 51A-05W 71A-04W 71A-05W
CACP 51wt%- CACP 51wt%- CACP 71wt%- CACP 71wt%-
W/C=0.4 W/C=0.5 W/C=0.4 W/C=0.5
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Figure 10. Weibull statistics results for compression strength tests.

4.4 DISCUSSION

This paper has presented a complete characterization of CAC and CACP, and more
specifically in the microstructure and mechanical behavior. In this last part, Weibull
distributions over the compression tests showed a high variability on results, which is
certainly reflected in the Weibull modulus. CAC are very reactive when compared with
traditional hydraulic cements, which is shown in the significant impact of temperature of
phase formation and in the conversion phenomena [125]. This high reactivity leads in an
early strength, which is very useful in many applications because can reduce manufacturing
time, which is a significant factor when construction and building materials are selected
[126].

Although is well known that this cement has a bad reputation after the Spain issue with the
massive construction with CAC, nowadays is accepted that keeping a low W/C ratio, the
processing temperature, and pH, the conversion reaction can be avoided [111,125].
Therefore, many applications and even CAC modifications could move cement industry
towards the use of CAC for specific applications [125].

The CO2 emissions associated with the manufacture of hardened concrete objects or
structures can be divided in three main contributions [127]:
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e The CO2 emissions associated with the raw materials (cement, aggregates, water, etc.)

e The CO> emissions associated with the production of the energy used in concrete
mixing.

e The CO2 emissions associated with the delivery of both the raw materials and the
fresh concrete and the placing and finishing of the concrete.

The clinker of Portland cement (PC) is the highest producer of CO2, when is compared to
other hydraulic cements [127], including CAC. These emissions are due to the high content
of basic calcium content, which is usually derived from limestone calcination, resulting in
the release of one mole of "fossil CO2" per mole of CaO in the clinker [127]. The current
global cement and concrete standards allow the use of various “supplementary cementitious
materials” (SCM) as substitutes for cement and concrete clinker [127] in order to reduce CO>
footprint, such as the alumina-rich pozzolans present in CAC cements, and therefore these
cements can be tailored to reduce CO2 emissions [127].

Thus, aluminous cements are a strong candidate for reducing CO2 emissions in cement
industry. Therefore, CAC cements are not only good for refractory and structural applications
because of their high early resistance and because of its high resistance to chemical attacks,
but also they are beneficial because they are more environmentally friendly [125]. The
complex microstructure presented in this paper as the phases shown in Figure 7 reveal a great
opportunity to modify these materials for the environmental challenges that environment
today is requiring from cement and other building materials industries.

4.5 CONCLUSIONS

At higher W/C, higher compression resistance was obtained, which is associated to as much
formed Hydrogarnet. The higher compression was about 25MPa which enables this material
for it is used in a variety of civil constructions. The Hexagonal hydrated phases found via
XRD and SEM were CAH1o and (C2AHg).
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5. CHAPTER 5: CRACKING IN CALCIUM ALUMINATE CEMENTS
PASTES INDUCED AT DIFFERENT EXPOSURE TEMPERATURES

Zapata, John F., Maryory Gomez, and Henry A. Colorado. "Cracking in Calcium Aluminate Cement
Pastes Induced at Different Exposure Temperatures.” Journal of Materials Engineering and
Performance 28.12 (2019): 7502-7513. https://doi.org/10.1007/s11665-019-04466-5

5.1 INTRODUCTION

There is a lack of research about the behavior of calcium aluminate cements during high-
temperature conditions. Recently, Wasim, et al [128] investigated CAC concrete (the study
was limited to CA-50 calcium aluminate cement mixed with limestone crushed sand as fine
and coarse aggregate respectively) exposed to 23, 200, 400, 600 and 800 °C. In this study,
CAC concrete was compared to traditional ordinary Portland cement (OPC). When the
materials were exposed to high temperatures, their compression strength decreases.
However, CAC concrete showed a lower loss of compression strength when compared to
traditional concrete if the temperature is kept below 600 °C. For higher temperatures, the
deterioration in strength was similar for both materials. Similarly, the modulus of elasticity
also decreased in both materials as the exposure temperature increased. Regarding the
modulus of elasticity, at temperatures below 400 °C, the CAC concrete showed worse
performance when compared with traditional PC concrete. This is mostly attributed to the
increase in the porosity because of the conversion reaction described below. However, at
temperatures over 400 °C, CAC concrete showed significant improvements of 32 and 44%
for 600 and 800° C, respectively. This improvement is mostly attributed to the higher
contents of alumina in the CACs.

Another important study on the behavior of CAC at high temperature was carried out by
Cardoso et al [30]. When CAC pastes were heated up, the free and bonded water was removed
and the corresponding dehydration followed equations 1 to 4 [30]. Following the sequence
equations, firstly, unbounded water from the AHs gel (which has an amorphous structure)
was removed at 100 °C, while CAH1o was dehydrated at about 120 °C. Later, C,AHg was
dehydrated at 200 °C, and similarly gibbsite was dehydrated at 300 °C. For CAC 71wt% and
water to cement ratio (W/C) of 1.0, the crystalline hydrate C;AH, started to decompose at
300 °C. Table 14 summarizes both the dehydration temperatures and reactions. These
reactions and results [30] have been confirmed by Antonovi¢ et al [38], who also established
that after the dehydration process C;,A is formed at temperatures between 500 and 800 °C.
At 1000 °C, C;,A is converted to CA or to CAo. Further investigation [19] over the
dehydration process of C>AHs have revealed a very complex process which has been
explained as a three steps phenomena of losing molecules: three molecules at 110 °C, one
molecule at 170 °C, and four molecules at 300 °C.

CAH,, — C,AHg + AH, (6)
C,AHg + AH; — C;AH, + 2AH, )
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C,AH, + 2AH; — CypA, + CA + H ®)

Regarding the damage generated in cements caused by high temperature in cements, previous
research shows two main approaches that relate fracture to temperature changes: the
thermoplastic and the energy balance approaches. In the thermoplastic approach, a fracture
will occur if the resulting thermal stresses overcome the fracture strength of the material. The
stresses appear in the material after a decrease in temperature [3,129-132]. The energy
balance approach, has been studied by Hasselman [132], who found that the fracture that
occurs due to thermal changes result in a critical stress that initiates damage.

This critical stress depends on the elastic energy stored in the material at the time the damage
is initiated [133]. The main problems with the models that are generated in these two
approaches is that as temperature changes, they assume constant values for some of the key
material properties, such as the Poisson ratio, Young’s modulus and thermal conductivity.
These models do not consider the phase-dependent properties involved in many systems for
which temperature causes a complex interaction between the phases [133].

Table 14. CAC behavior with the increase in temperature [38]

Temperature range (°C) Dehydration reaction
60 - 120 AHx — A +xH
110- 170 3CAH10 — C3AHs + 2AH3 + 18H
170 - 240 3C2AHg — 2C3AHs + AH3 + 9H
210 - 300 AH; — A +3H
240 - 370 7C3AHs — C12A7H + 9CH + 32H
~ 450 CH—-C+H
=750 Ci2A7H — C12A7 +H
~900 CrA7+5A — 12CA

Additionally, Lu and Fleck [134] analyzed the thermal shock in fragile solids using a fracture
criterion which is based on the stress on a plate. The plate contained a distribution of defects
(such as pore distribution) and an intensity factor criterion, which had a dominant crack
aligned in the thickness direction. Collin and Rowcliffe [135] investigated the thermal shock
in fragile materials using an indentation method, which generates cracks that grow as a
function of temperature and allows the thermal shock to be predicted. Bahr et al. [136,137]
investigated patterns of cracks related to thermal shock.

Jenkins [138] used an energy minimization method to determine the cracks separation and
penetration due to temperature changes. Bourdin et al. [139] used a variational approach to
describe fracture as a function of temperature, which included the growth and propagation of
cracks, and presented predicting algorithms that calculate cracks induced by thermal stresses
[140] in fragile materials. It is well understood that if complex materials such cements are
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subjected to significant temperature changes, they can experience not only physical changes
(such as shrinkage and cracking), but also complicated phase transformations and chemical
deterioration.

These multivariable problems have been poorly explored mainly due to their extreme
complexity, which is shown by the limitations in the available theories. These limitations
have also been described before for more simple refractory ceramic materials such as
bauxites, magnesia and alumina [141]. Such complexities have meant that most research is
carried out in the form of experimental studies using statistic methodologies, and in some
cases, using digital image analysis. On the other hand, multiple techniques have been used
successfully to quantify the damage in concrete and derived materials regardless of whether
this damage is generated by temperature changes or by other reason. These include two-
dimensional techniques such as acoustic waves [142,143] and optical and electron
microscopies [12,144]. Three dimensional techniques such as computer tomography using
different scales [145,146], have been used on concrete to detect micro-cracks and carry out
pore structure characterization [147,148] or to study damage evolution [145,149].

To date, no quantitative analysis has been conducted for crack patterns induced by thermal
shock in CACs [142]. Therefore, the main purpose of the present investigation is to contribute
to the literature on crack generation and quantification for CACs, using an experimental
approach combined with numerical analyses of crack patterns, induced by temperature. The
mixture of these experimental and numerical analyses aims to optimize a simple and
inexpensive methodology for further study multivariable complex systems that includes
cementitious materials, concrete, and ceramic composites exposed to high temperatures.

Previously, alternative methodologies developed to evaluate crack damage in traditional
cements with additives after exposure to high temperatures have shown crack damage
reduction. One case used the addition of PFA (pulverized fuel ash) to evaluate damage in
combination with tensile and compressive tests[150]. Other example is using nano kaolin as
additive, and the high temperature properties also improved [151]. The main contribution of
this study is the use of a new methodology to quantify calcium aluminate cement paste
(CACP) damage caused by exposure to high temperatures. It will evaluate how alumina
content, W/C, and temperature affect CACP damage at high temperatures. Digital image
processing was used to quantify the damage by taking into the account factors such as
temperature (500, 800 and 1000 °C), for CACP 51wt% (CACP with 51wt% alumina) (wt%
weight percentage) and CACP 71wt% (CACP with 71wt% alumina) and W/C = 0.25, 0.3
and 0.4. Weibull distribution analysis and Monte Carlo simulations were used as well. As
explained before, there is a lack of research in the literature regarding quantification of the
damage of these cements when submitted to high temperatures.

5.2 MATERIALS AND METHODS

The following characterizations were used in this research in order to quantify the
microstructure of CAC: SEM, FTIR, XRF and XRD. Two types of CAC powders were
investigated: CAC 51wt% and CAC 71wt%. The composition of these powders was obtained
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in a XRF Thermo spectrometer Model OPTIM'X. Details of all chemical components are
presented in Table 15.

Table 15. Chemical composition of raw CAC powders

Samples Chemical Composition (wt%)
Cement type AlbO3 CaO SiO2 TiO2 Fe:03 KO P20s ZrO2 MoOs
I.CAC5Iwt% 52.12 37.82 525 1.87 181 0.128 0.108 0.086 0.052
Il. CAC 71wt%  71.09 28.38 0.238 - - - - - -

These two types of CAC were fabricated with three water to cement ratio (W/C): 0.25, 0.3,
and 0.4, as summarized in Table 16. All cement pastes were made at 20 °C and were kept
closed to air contact for 48 h (in order to avoid pre-carbonation), and then released from their
molds and put in water for hydration. Thereafter, samples were removed from the water and
left to dry in the air for 24 h.

Table 16. Cement paste samples fabricated formulations

Samples Cement Temperature Water/cement
type (°C) (WiC)

1 I, 11 20 0.25,0.3,04

2 I, 11 500 0.25,0.3,04

3 I, 1 800 0.25,0.3,04

4 I, 1 1000 0.25, 0.3, 0.4,

Sample dimensions were 19 mm in diameter and 22 mm in height. XRD characterization was

done in an X'Pert PRO diffractometer with Cu K, radiation of 1.5406 A. The scanning was
performed between 26 of 5 to 70°, with a step size of 0.02°. For the XRD interpretation. A
JEOL JSM — 6490 scanning electron microscopy with energy-dispersive x-ray spectroscopy
(SEM-EDS) was used to observe the microstructure of powders and cured cementitious
samples. Secondary electrons were used for a better definition of the surface texture. Fourier
Transform Infrared Spectroscopy (FTIR) measurements were conducted in a Shimadzu
IRTracer-100, with a scanning range 400-4100 (cm™): Samples were heated up from 20 °C
to 500 °C, 800 °C, and 1000 °C, at a temperature ramp of 14°C/min. After being exposed for
1h to these temperatures in a furnace Nabetherm GmbH 30-3000 °C LT 9/12P330 with air
atmosphere, these samples were slowly cooled down up to 20 °C at a temperature ramp of
0.5°C/min. Then, macro-photography was used to register the surface of samples in order to
evaluate the macro and micro damage. Six (6) samples were analyzed per composition, but
only one is presented in the optical images. For the crack analysis, ImageJ software was used
to quantify the crack lengths and their distribution. In addition, a Monte Carlo simulation was
used to analyze the damage, where the modeling variable was the crack length for each
sample composition after exposure to high temperature. These results were fitted to a Weibull
distribution [152,153], using the Risk software. The variability range of the crack length was




63

defined as being not over a 10% of the initial crack length. A total of 1000 simulations were
conducted with the same software for each manufactured composition

5.3 RESULTS

The FTIR and XRD tests showed that the main hydrated phases at 20 °C are CAH1o
(Monocalcium aluminate decahydrate), C3AHe (Katoite), C2AHg (Dicalcium aluminate
octahydrate) and AH3 (Gibbsite). These results, those from of the characterization of the raw
materials used and those from the hydrated phases have seen presented before [31].

53.1 HIGH TEMPERATURE BEHAVIOR

Figure 11a, b, ¢, and d shows photographs of CACP 51wt% and CACP 71wt% samples made
and W/C of 0.25, 0.3 and 0.4. These samples were subjected to 20, 500, 800 and 1000 °C.
Cracks appeared for all W/Cs, and the higher temperature produced a higher damage. In
general, it can also be observed that at 500 °C is hard to see the damage differences based on
the alumina contents. However, at 800 °C, samples with lower alumina contents (CACP
51wt%) present more cracks than samples with higher alumina contents (CACP 71wt%),
although the latter samples show a single larger crack, probably due to a concentrated
damage.

-j Yowt-w.

Figure 11. Images of CA
a) 20°C, b) 500 °C, ¢) 800 °C, and d) 1000°C. The scale bar is the same (5mm) for all pictures.
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This general trend was also observed at 1000°C, which suggests that even though alumina
content decreases the amount of cracks, less alumina gives a better thermal stress distribution,
as shown by the fact that no single cracks (catastrophic cracks) pass through the whole
sample. Another observation is that for the same temperature but at higher W/Cs, more
damage is present. This can be explained by the higher porosity in the samples generated for
higher W/Cs. In addition, there is a loss in strength associated with the phase conversion
process driven by exposure to high temperatures [51].

Figure 12 shows XRD data for CACP subjected to 1000 °C: Figure 12a, shows the
diffractogram for samples of CACP 51wt% Al>03 with W/C = 0.25. As can be seen, the main
phase is the Gehlenite, with its peak of greatest intensity located at an angle of 36.67°, and
an abundance shown by Rietveld’s analysis of 48.4%. The phase the abundance results in all
the formulations investigated in this study and subjected to a heat of 1000 °C, given by
Rietveld analysis, are shown more specifically in Figure 13, for the notation of the
formulations see Table 17.
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Figure 12. XRD for CACP subjected to 1000°C. CACP 51wt%:
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WI/C: a) 0.25, ¢) 0.3, e) 0.4: CAC 71wt%: W/C: b) 0.25, d) 0.3 and f) 0.4.

A main phase of hedenbergite, with its peak of greatest intensity located at an angle of 35.34°
and an abundance of 37.7%, can also be observed. Two minor phases are present in this
diffractogram: one of mayenite, identified with its peak of greatest intensity at an angle of
21.13° and an abundance of 12.7%, and the other of perovskite, identified with its peak of
greatest intensity at an angle of 39.17° and an abundance of 1.2%.

In Figure 12b, for CACP 71wt% Al,O3- W/C = 0.25, only two phases were identified. The
Grossite as the most abundant with a value 79.7% given by the Rietveld analysis (see Figure
13) and the highest intensity peak located at an angle of 29,71°. Mayenite was also identified
with an abundance of 20.3% and a peak of greatest intensity located at an angle of 21.09°.

In Figure 12c, for CACP 51wt% Al>03-W/C=0.3, the main phase calcium dialuminium oxide
(CAy), showing its peak of greatest intensity at an angle 35.068° and an abundance of 80.2%.
There is a second intermediate phase (Mayenite) with its peak of greatest intensity at an angle
de 20.962° and an abundance of 16.3% and a minority phase (Perovskite) with its peak of
greatest intensity at an angle of 38.943° and an abundance of 3.5%.

In Figure 12d, for CACP 71wt% Al>03-W/C=0.3, the main phase (Grossite) showing its peak
of greatest intensity at an angle of 29.607° and an abundance of 71.5% and there is a
secondary phase (Mayenite) with a main peak at an angle of 20.986° and an abundance of
28.5%.

In Figure 12e, for CACP 51wt% Al>03 -W/C=0.4, the main phase is calcium dialuminium
oxide (CA2), showing its peak of greatest intensity at a angle of 35.068° and an abundance of
68.6%. There is a second intermediate phase (a polymorphism of mayenite ) with a main
peak at a angle of 20.986° and an abundance of 25.8%, and a minority phase (Grossite) with
a main peak at a angle of 29.607° and an abundance of 5.6%.

In Figure 12f, for CACP 71wt% Al,03-W/C=0.4, the main phase calcium dialuminium oxide
(CA:), showing its peak of greatest intensity at an angle of 35.068° and an abundance of
50.6%. There is a second intermediate has (Grossite) with a main peak at an angle of 29.607°
and an abundance of 45.8% and a minority phase (Mayenite) with a main peak at an angle of
21.061° and an abundance of 3.6%.

The phases identified from these diffractograms are shown in Table 18. CACP 51wt% and
CACP 71wt%- Al,0O3 and W/C= 0.4 were exposed to 20 °C and then analyzed by SEM, see
Figure 14. It can be observed in Figure 14 the regular hexagonal and cubic geometries of the
hydrated phases, which mainly correspond to CAH1o (Monocalcium aluminate decahydrate),
C3AHs (Katoite), and some AHs (Gibbsite) [31].

CACP 51wt% and CACP 71wt% -Al>0szand W/C= 0.25, 0.3 and 0.4, also were exposed to
1000 °C for an hour, and then analyzed by SEM, as prepresented in Figure 15. In these
samples, approximately the same phases appeared, and most of them were anhydrides (also
see Table 18).
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Figure 13. XRD Analysis using Rietveld refinement for CACP subjected to 1000°C.
The acronyms are: Ma (Mayenite), He (Hedenbergite), Ge (Gehlenite), Pe (Perovskite), Gr
(Grossite).

Table 17. Notation for formulations of the Figure 13

CACP 51wt% - Al203 CACP 71wt% - Al203

I I Il v \Y Vi

wiC 0.25 0.3 0.4 0.25 0.3 0.4
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Figure 111 SEM images for CACP exposed at high temperature ( 20 °C), W/C=0.4:
a) CACP 51wt%, b) CACP 71wt%.

Table 18. XRD Analysis for CAC paste subjected to 1000 °C

Sample Phases Composition
wt% W/C CA> Grossite  Mayenite  Perovskite
Al2O3
| 51 0.25 - - CasAl7013 -
I 51 0.3 CaAly04 - Ca2Als CaTiOs3
Oss3

I 51 0.4 CaAl:04 CaAlO7 - -

v 71 0.25 - CaAlsO7 CasAl7018 -

Vv 71 0.3 - CaAlsO7 CaAlis -
Oss

Vi 71 0.4 CaAl;0s CaAl:O7 Cai2Alws -
Oss

A 74
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Gehlenite Hedenbergite Mayenite

CasAls

Si2014

CaFeSi»O¢ -

- Ca2Alia
Oas3

When comparing the microscopy images, there is a morphology relationship within the
water-to-cement ratio (W/C) that was also reported in the previous research [154].

More geometric regularity is observed in Figure 15a and 15b, which have the lowest W/C.
In addition, cement with 51 wt% alumina contents (Figure 15a, 15b and 15c), shows more
geometric regularity respect to cement with 71 wt% alumina contents. These results suggest
that temperature gradients are related with a higher diffusion rate at higher alumina contents
and higher W/Cs. More energy is absorbed, and thus the geometrical shape is affected.

Figure 16. FTIR curves for CAC pastes exposed at 1000°C: CACP-51wit%:
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WI/C: a) 0.25, ¢) 0.3, e) 0.4. CACP 71wt%: WIC: b) 0.25, d) 0.3, f) 0.4. shows the results of
FTIR tests for CACP exposed at 1000 °C. The FTIR tests revealed two well-defined phases,
mayenite and calcium aluminate, found in both types of cements.

o
Z0RN - X10,000. o Uden

Figure 15. SEM images for CACP exposed at high temperature (1000 °C):
CACP 51wt%: W/C: a) 0.25, b) 0.3, ¢) 0.4. CACP71 wt%: W/C: d) 0.25, ) 0.3, f) 0.4.

Table 19. Characteristic absorbance bands of CAC phases at 1000°C summarizes the
characteristic absorbance bands of the calcium aluminate cement powder phases reported in
the literature and found in this work.
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Figure 16. FTIR curves for CAC pastes exposed at 1000°C: CACP-51wt%:
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Table 19. Characteristic absorbance bands of CAC phases at 1000°C

Phase Fundamental vibration (cm™) Reference

CA 840, 805, 780, 730, 720, 680, 640, 570, 540, 450, 420 [31,155]
640.90 (51A-wt%: W/C=0.25), 641.2 (51A-wt%: W/C=0.3), 641 This
(51A-wt%: W/C=0.4), 640.90 (71A-wt%: W/C=0.25), 640.1 work

(71LA-Wt%: W/C=0.3), 641.27 (71A-Wt%: W/C=0.4)

Mayenite 850, 780, 610, 575, 460, 410 [31,155]
780.65 (51A-Wt%: W/C=0.25), 776.94 (51A-wt%: W/C=0.3), This
780.64 (51A-Wt%: W/C=0.4), 780.64 (71LA-wt%: W/C=0.25), work

780.64 (71A-Wt%: W/C=0.3), 780.64 (71LA-Wt%: W/C=0.4)

5.4 DAMAGE ANALYSIS
NORMAL DISTRIBUTION

Figure 17 shows crack size probability curves (normal distribution) for samples of calcium
aluminate cements CACP 51wt% and 71wt% - Al,Oz3 subjected to temperatures of 500,
800°C and 1000°C.

The quantification of the damage was conducted by digital image analysis of fractured
samples according to the alumina content, temperature, and W/C. The crack lengths were
measured using ImageJ software, and data were grouped in just one number, the total crack
length.

One observation from results shown in Figure 17a, is that CACP 51wt% exposed at 500°C
presented bigger average crack size for a larger W/Cs. At W/C=0.4, the average crack size is
10.8 mm, while at W/C=0.3 and 0.25, the average crack size are 2.2 and 4.6 respectively. For
CACP 71wt% at 500°C, shown in Figure 17b, it was found that in general as the W/C
increases, the average crack size decreases. For CACP 51wt% at 800°C, shown in Figure
17c, there is less difference among the mean crack size, all near to 3mm. This is caused for
the high temperture that can heal the cracks initially generated by the thermal effect. This is
supported by Figure 17d, where for CACP 71wt% at 800°C, average crack size is even closer.
Figure 17e and 17d presents CACP 51wt% and CACP 71wt% exposed to 1000°C, and in
general show that more water in the paste (or more W/C) produce larger cracks, which is
generates greater structural damages.
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Figure 17. Crack’s size probability curves:

CACP subjected to temperatures of 500, 800 and 1000 °C with W/C=0.25, 0.3 and 0.4 for
different types of CACP: CACP 51wt%: a) 500 °C, c) 800 °C, e) 1000 °C. CACP 71wt%: b)
500°C, d) 800°C and f) 1000°C.

Figure 18 summarizes all the previous results for the mean crack length, where the samples
CACP 51wt%-W/C=0.4, CACP 71wt%-W/C=0.25, and CACP 71wt%-W/C=0.3, follow the
same trend; (for the notation of the formulations see Table 17): as temperature increases, the
mean crack length decreases as well.

This may be due to the occurrence of significant damage at lower temperatures, as a result of
the water released and its subsequent structural shrinkage. Later, the crack length reduces
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due to a sintering effect (crack healing) because of the high temperature. For all other
formulations, it seems that the mean crack length is not very dependent on temperature.
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Figure 18. Mean crack length by the alumina content in two cement formulations:
CACP 51wt% and 71wt%, subjected to 500, 800 and 1000°C.

Damage Analysis for Alumina Content Factor

Figure 19 shows total crack length curves for the samples with a) CACP 51wt% and b) CACP
71wt% subjected to high temperatures of 500, 800 and 1000 °C, and for W/C = 0.25, 0.3 and
0.4. It can be observed that the higher the temperature, the greater the damage in both
cements. However, the cement with the highest alumina content suffered worse damage from
a fixed temperature. A connection between the degree of damage and the W/C in these two
figures is not clear. This suggests that the higher the alumina content, the better the behavior
of the cement at high temperature, particularly at 1000 °C, which is quite high for a
cementitious material.

Damage Analysis for the Temperature Factor

Figure 19 also shows that at 500 °C, the samples with the greatest damage are CACP 71wt%
for a W/C ratio of 0.4 and CACP 51 wt% for a W/C ratio of 0.3. The direct relationship
between the degree of damage, the alumina content and the W/C at this temperature is not
clear. In addition, at 800 °C, the

samples with the greatest damage are CACP 51 wit% for a W/C ratio of 0.4 and CACP 51wt%
for a W/C ratio of 0.3. This suggests that at 800 °C, the CACP 51wt% performs better than
the CACP 71 wt% cement. Therefore, the direct relationship between the degree of damage
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and W/C at this temperature is also not clear. On the other hand, at 1000 °C, cements with a
lower alumina content and lower W/C showed more damage.

Damage Analysis for Water to Cement Ratio (W/C) Factor

The other results from

Figure 19 show that for W/C = 0.25 at 1000 °C and at 800 °C, the lower alumina content
cement shows more damage. For W/C = 0.3 at 1000 °C, the higher alumina content cement
shows more damage, and for 800 °C, the least damage occurs. It can also be observed that
for W/C = 0.4 at 800 °C, the cement of lower alumina content shows more damage, while
for 800 °C, the least damage occurs.

Total Fracture - CACP 51wt%
Y~ 180123

Crack Length Total [mm] &,

Formulations
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Figure 19. Damage quantification analyzed:
W/C =0.25, 0.3 and 0.4, and exposed to temperatures of 500, 800 and 1000 °C: a) CACP
51wt%, b) CACP 71wt%.

Damage Analysis for Monte Carlo Simulation and Analysis Weibull

Figure 20 shows Monte Carlo simulation curves for CAC paste subjected to 500, 800 and
1000 °C, for W/C = 0.4. Figure 20 shows that for a higher alumina content, the average crack
size is higher, meaning that at 1000 °C, these cements suffered greater damage due to a higher
alumina content. To reduce the length of this article, only the Monte Carlo analysis for the
W/C = 0.4 formulation, which is the most optimum ratio to avoid conversion, has been
included in detail. Three (3) samples were analyzed per composition, complemented by the
Monte Carlo method which takes the crack formation as a stochastic process (no
deterministic law), thereby simulating a large number (1000) of trials. In addition, the
simulation is a reference to compare with the experimental results.
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Figure 20. Monte Carlo Simulation curves CACP 71wt%, W/C:
0.4 and exposed to temperatures: a) 500 °C, b) 800 °C, c) 1000 °C.
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From Figure 18 a phenomenological model can be found using nonlinear regression
techniques. This model is given by the following expression:

8! = 8wkr1075T2 — 0.1364wk,T + 66.28wk




where

where

77

Temperature °C

Amount of damage (mm)

Index that indicates the type of cement paste, takes values of 1 and 2. Wheni = 1,
it refersto CACP51 and i = 2, it refers to CACP71.

Index that labels each formulation, takes values of 1,2 and 3.

Water/Cement ratio. It takes values of 0.25, 0.3 and 0.4.

It is an adjustment factor. It takes values depending on the values of the pair of indices
i, j, as follows:

R
1,2and 3
4,5and 6
7,8and 9
10, 11 and 12
13, 14 and 15
16, 17 and 18

NN NP ||~
W|N |~ | WM~

137, k11 = 14, k12 = 162, k13 = 125, k14 = 139, k15 = 133, k16 = k7 =094, k17 =

0.89.

In this way, considering all possible combinations of index values, 6 models are generated:

1.

CACP51-025W/C; i=j=1; w = 0.25. kg = ky = ky = k3

51 = 8wk, 1075T2 — 0.1364wk,T + 66.28wk;

51 =2%107°T% — 0.0341T + 16.6




2. CACP51-03;i=1,j=2;w=0.3 kg = ky; ks; ke

81 = 8wk,1075T2 — 0.1364wksT + 66.28wk,

6} =1+1075T2 - 0.029T + 12.2

3. CACP51-04;i=1,j=3;w=0.4.kg = ky; kg ko

51 = 8wk,1075T2 — 0.1364wksT + 66.28wk,

63 =3%107°T2 - 0.0076T + 36.3

4. CACP71-0.25;i=2,j=1; @ = 0.25. kg = kyo; ky1; k12

52 = 8wk,y1075T2 — 0.1364wky; T + 66.28wk;,

82 =2%1075T? — 0.0479T + 26.9

5. CACP71-03;i=2,j=2;@=0.3. kg = ky3; k1s; kis

52 = 8wk,31075T2 — 0.1364wk,,T + 66.28wk,s

62 =3%107°T? — 0.0569T + 26.5

6. CACP71-04;i=2,j=3;w=0.4.kg = kqg; ki7; kig

82 = 8wk,51075T2 — 0.1364wk, T + 66.28wk;;

52 =3%107°T? — 0.0483T + 21.8
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The experimental curves, their respective fit curve and the algebraic equation that represents

it are shown in the Figure 21.

Figure 21 is another form of graphic representation of Figure 18, it does not introduce new

information, so there is no need for a new analysis of it.
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Figure 21. Experimental and fitting curves of damage behavior with temperature

5.5 DISCUSSION

From the XRD and SEM results, it can be observed that the combined phases are quite similar
in the two cement pastes investigated, i.e., CAC with 51 and 71 wt% alumina content.
However, the cement with 71 wt% alumina formed CA> [31] and showed more significant
morphological changes, with CAH1o as the main hydration phase at 20 °C. Part of the water
contained in the hydrated hexagonal calcium aluminates, CAH10, is weakly bounded [154].
CAHx, C>AH; and CsAHy can typically take values of X=10, Y=8, and Z=13. These
molecules can lose small amounts of water without significantly changing their structure and
are involved in the transformation from hexagonal to cubic forms. This is the fundamental
reason why calcium aluminate cement paste is fractured when exposed to temperatures over
37 °C. Therefore, the main reason why the pure aluminate cement paste exhibits cracking
with temperature is because of the weak bonding and variability of all these products (CAHx,
C2AHz and CsAHy). This research has made several new contributions to the literature,
especially in terms of CACs exposed to high temperature. Most of the available research
[128] has been carried out with CAC concrete, for just one specific CAC formulation (CAC
with 50 wt% of alumina) plus aggregates. In this research, more formulations were used, and
a complete damage analysis was conducted.

Figure 11 shows that in general, the higher alumina content samples (71 wt%) presented
larger cracks when compared with the samples with lower alumina contents (51 wt%).
However, more cracks and therefore longer length cracks (sum of all lengths together)
appeared in the lower alumina cement. This shows that the larger defects did not always
account for greater average damage. This is associated with a complex heat transfer
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interrelationship among the alumina and other phases which can be optimized with additives,
meaning that there is still room to improve the CAC.

Visual analysis of these cracks had to be completed with detailed quantification of the
statistical analysis from Figure 17. First of all, for CAC 71 wt% at 500 °C, shown in Figure
17b, the damage given by the crack size was probably the lowest found in this research (up
to 0.09), corresponding to 4 times less than for other samples. This means that the
aforementioned combination of chemical composition and working conditions (500 °C) was
ideal, and thus, it can be used in smart designs that reduce the exposure temperature to such
conditions. All other compositions and conditions showed a crack size

probability up to 0.35, depending on the W/C ratio. In terms of the mean crack length, crack
size probability, W/C ratio, exposure temperature and composition, it is hard to stablish a
general conclusion that goes beyond the specific trends shown in Fig. 8, which is associated
with the complex combination of multiple micro-constituents. It was confirmed that as
temperature increases, the mean crack length decreases, which is associated with significant
damage first caused by water released at temperatures below 400 °C (for bonded and
unbounded water) and by structural shrinkage due to the release of waste. At high
temperatures, the crack length reduction was associated with a sintering or healing process

For some formulations, the mean crack length was not very dependent on temperature. It is
well-known that for both cements and all other fragile materials, these results can be
substantially improved by the incorporation of the appropriate fibers as reinforcement, in this
case to reinforce the cementitious matrix. Substantial research has been conducted before for
cement-based materials, giving good outcomes for diverse types of cementitious binders used
in high-temperature applications. Silicon carbide and basalt fibers could be a good option for
CAC composites [156] This investigation has used a very simple but powerful two
dimensional digital image analysis method to quantify damage by measuring the crack
length, and has taken this length as the main damage parameter. The data values were
adjusted to a Weibull distribution simulated using the Monte Carlo method. The method
gives the relationship between the damage parameter (crack length), processing temperature,
the water- to-cement ratio (W/C) and the alumina content in the CAC cements. It was found
that CAC samples show significant thermal damage with a corresponding deterioration in
compressive strength. The results imply that CACs in the present formulation do not support
thermal shock. Some modification [157] that include the addition of ceramic reinforcement
in fibers look very promising for structural applications.

5.6 CONCLUSIONS

There are several conclusions that can be drawn from this study. A simple and inexpensive
method is validated that evaluates not only CAC cements but also any other type of
cementitious or ceramic-based materials exposed to significant temperature changes and
resulting in cracking damage. In addition, some more specific conclusions are:

e Materials with higher alumina content have an increased number of cracks. Furthermore,
higher W/Cs contributes to the conversion process and generate greater numbers of
cracks in these samples.




81

At higher temperature and lower W/Cs, there is a greater probability of larger cracks.

At higher alumina contents, the average crack size is higher, which causes these cements
to have greater structural problems at 1000 °C.

Calcium aluminate cement pastes exhibit limited refractoriness properties (but are still to

be improved if not subtantialy enhanced with high temperature ceramic fibers or
additives.
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6. CHAPTER 6. EFFECT OF HIGH TEMPERATURE AND
ADDITIONS OF SILICA ON THE MICROSTRUCTURE AND
PROPERTIES OF CALCIUM ALUMINATE CEMENT PASTES

John F. Zapata, Henry A. Colorado & Maryory A. Gomez (2020) Effect of high temperature and
additions of silica on the microstructure and properties of calcium aluminate cement pastes, Journal of
Sustainable Cement-Based Materials, DOI: 10.1080/21650373.2020.1737593

6.1 INTRODUCTION

The hydration of CAC is highly dependent on temperature, resulting different morphologies,
the products of which continuously alter the properties of the material [30,31,105,158-160].
The strength of CACP is mainly due to the hydration of CA, the products of which in general
terms follow the scheme (10) [3,19,33,161,162].

2CA + 11H - C,AHg + AH; : T~30°C

CA + 10H - CAH,, : T < 20°C }
3CA + 12H - C3AH, + 2AH;5 : T > 55°C

(10)

C2AHg can occur as a consequence of the hydration of CA; that is hydrated according to the
reaction scheme (11):

2CA, + 13H - C,AHg + 3AH, : T~30°C

3CA, + 21H - C3AHg + 5AH; : T > 55°C

CA, + 13H - CAH,, + AH, : T < 20°C
|

It is formed at an approximate temperature of hydration of ~30 °C, which requires that the
ratio CaO/Al,O3 exceeds unity, C2AHg is also formed by conversion of CAHz1o [163]. C2AHs
and gel-AHj3 are formed naturally at about T=30 °C, and C3AHs and AHs (crystalline) at
temperatures greater than 55 °C [3,19]. The hydration of CA> contributes to late strength of
hydrous CAC [35].

The conversion process of CAC, is due to the fact that the phases CAH1o and CoAHg are
metastable at ambient temperature and convert to the more stable phases CzAHs and AHs
[19] with consequent material porosity and permeability increase [164]. The conversion is
accompanied by the release of free water which results in a decrease in strength caused by
higher porosity [164]. Depending on conditions the conversion process can last up to several
years [51]. The conversion process reaction scheme is (12) [3,51,165].

3C,AHg — 2C3AH¢ + AH; + 9H
3CAH;, — C3AH¢ + 2AH; + 18H (12)
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The negative effects of the conversion can be cushioned by curing at temperatures higher
than 50 °C and using W/C (Water/Cement ratio) not superior to 0.4 [38,61,166,167]. Mineral
additives such as silica are also used, which leads to the formation of aluminum-silicate
phases, but the mechanisms of their formation are not yet clear [168,169].

The main phases hydrated as a result of the reaction of C12A7, CA and CA: with silica and
water at 40, 65 and 95°C are katoite of the type CazAl2(SiOs)s.x (OH)ax [169], with X in the
range 0 < 3-x <0.334 and gibbsite AI(OH)z. For a temperatures below < 90 °C and (W/C=2)
the crystal phase of gehlenite of the type Ca>Al>SiO7.8H20 is exhibited [169]. Other studies
show [170,171] that various phases are formed, such as the hydrogarnet solid solution of the
type CazAlx(SiOs)3x (OH)2x, C3ASs.xHox, with x in the range 0 < x < 3, and gehlenite or
stratlingite of the type CoASHs. Stratlingite reacts with calcium oxide and initially inhibits
the formation of CoAHgand C3AHs after the conversion [169,171-173].

The reaction of the anhydride phases of CAC, with a ratio (W/C = 0.5) and increasing
additions between 25 - 50 wt% of silica does not show the formation of the gehlenite phase
CaxAl>Si07.8H,0 [35,168,174]. The hydration reactions for CAC with the additions of silica,
follow the scheme of reactions (13) where the stratlingite could crystallize in a stable phase
in the temperature range T~20 — 90°C [17].

CAH;y +S — C,ASHg + AH; +9H
CAH,, + CSH — C,ASHg + 3H l
C,AHg + 2CSH + AH; + 3H — 2C,ASHgq
C,AHg + AH; + S — C,ASHg + 3H
C,AHg + S - C,ASHg

(13)

When the hardened paste of CAC is heated to 800 °C, the dehydration generates the
conversion process CAHio — C2AHg — C3AHs [30]. The dehydration process ends during
heating to 800 °C and C12A7 is formed which, after heating to a temperature of 1000 °C or
higher, crystallizes in CA or CA2 [22,30]. Antonovic¢ et al [38] add to this by stating that, in
addition to C12A7, the mineral phases CA, CA; are also formed at 800 °C and are independent
of the curing temperature and C12A7 predominates.

CACP without additives present severe damage when subjected to temperatures equal to or
higher than 500 °C [175,176]. Thermal micro cracking occurs in the pastes, due to thermal
gradients and thermal expansion anisotropy within individual mineral phases [144,177].
Knowledge of the behavior at high temperatures of the hydrated phases of calcium aluminate
cement pastes and quantification of the damage generated, is fundamental for further research
leading to the improvement of their mechanical behavior [142,178]. Therefore, in this aspect
the main contribution is made with the present work.
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In this study different formulations of calcium aluminate cement pastes (CACP) with 51wt%
(wt% -percentage by weight) of Al.Os (CACP 51) were made at 0.4 water to cement ratio
(W/C) with additions of 0 wt%, 10 wt% and 20 wt% silica (CACP 51-0 wt%, CACP 51-10
wt% and CACP 51-20 wt%, respectively). All samples were exposed to oxidative
environment for 4 hours at 1000°C, in a furnace under an air atmosphere.

The behavior of the constituent phases according to the temperature was also studied through
TGA and DTG. The characterization was done using SEM, XRF, XRD, the Williamson-Hall
Model (WHM)) and FTIR. Compression, absorption, density and porosity tests were done.
It is observed that: C12A7 decreases between 800 °C and 1000 °C while the quantity CA and
CA: increases, silica improves compression strength at 20 °C and 1000 °C, Silica favors the
formation of C,ASHg and avoids the conversion process of the CAC pastes. Knowledge of
the behavior of the CACP added with silica between the temperatures of 20 °C to 1000 °C,
is essential to understand its behavior at higher temperatures. A review of the state of the art
shows an incipient literature in this aspect, for this reason this research is relevant for the
refractory industry based on CACP with silica.

6.2 EXPERIMENTAL

6.2.1 SAMPLES MANUFACTURE

Three types of samples of CACP 51 wt% were fabricated with W/C = 0.4 and additions of
high purity micro silica (SiO2) with 10 wt% and 20 wt%, while samples with 0 wt% were
prepared for use as a reference see Table 20. The micro silica presents a 98% purity,
granulometry of 2 um and was obtained from a Colombian natural source. All cement pasted
were fabricated at 20 °C and were kept closed to air contact for 48 hours (in order to avoid
pre-carbonation). They were then released from molds and subjected to 48 hours of hydration
covered with water to 5 mm above their surface. Thereafter, the samples were removed from
water and allowed to dry in air for 24 h. Sample dimensions were 19 mm in diameter and 22
mm in height. Additionally, the samples were heated at 1000 °C with a holding time of 4
hours in a Nabetherm GmbH 30-3000 °C LT 9/12P330 furnace, both heating and cooling
were performed at a rate of 1.67 °C/min, for damage analysis and thermal stability.

Table 20. Formulations fabricated for cement paste sample with additions of silicon oxide

Formulations

No CEMENT W/C SiO, Wt% T (°C)
1 0

2 CACP 51 wtd% 0.4 10 20

3 20

6.2.2 CHARACTERIZATION OF THE CAC PASTES
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The chemical composition of the CAC powder was investigated by XRF in a Thermal
spectrometer model OPTIM’X as shown in Table 21 .

Table 21. Chemical composition of raw CAC powders.

Sample Chemical Composition (wt%)
Al,03 CaO SiO2 TiO2 Fe03 KO  POs  ZrO2  MoOs
CAC5lwt% 5212 3782 525 187 181 0.128 0.108 0.086 0.052

The distribution of granulometry of the CAC powder was determined by laser diffraction,
which showed an average grain size of 4 um. Porosity, density and absorption were
established under the tests and requirements established in the international standard ASTM
C 642-97 for CACP. The mass measurements required by this standard were performed with
a Mettler Toledo AB204 balance with a sensitivity of 0.1 mg. XRD characterization was
done in a X'Pert PRO diffractometer with Cu K radiation of 1.5406 A°. Scanning was
performed for 26 between 5 and 70°, with a step size of 0.02°.

XRD interpretation, phase identification, Rietveld refinement, and analysis of the crystallite
size and micro strains (by the Williamson-Hall method) were performed with the X'Pert High
Score Plus/Panalytical software. For the elimination of the K-alpha 2 peak, the Rachinger
model was used, a background with a granularity of 20 and bending factor of 1. For the
diffraction peak search, the minimization method of the second derivative was used. A JEOL
JSM — 6490 scanning electron microscope (SEM) equipped with energy dispersive X-ray
microwave was used to analyze the morphology and composition of samples of all
formulations. Secondary electrons were used for a better definition of the surface texture.

FTIR measurements were conducted in a Shimadzu IR Tracer-100 with a scanning range
(cm™): of 400-4000, the test was performed by ATR with Resolution 4 and of 16 cycles.
Tests for thermal gravimetric analysis (TGA) were performed in an TGA Q500 V20.8
devices. Purge gas conditions las Purity Composition Moisture Nitrogen 99.995% No.
Oxygen 99.980% O., at a rate of 10 °C/min. The analysis of physical and mechanical
properties and chemical composition was performed on the samples before and after the
thermal treatment, in order to ascertain their effect of on these properties. The compression
tests were conducted in a universal Shimadzu Autograhp apparatus at a cross head speed of
Imm/min.

6.3 ANALYSIS AND RESULTS

6.3.1 ANALYSIS BY XRD AND PHASE IDENTIFICATION

The identification analysis of hydrated phases of CACP 51-0 wt% at 20 °C, confirmed the
formation of CAHi1o, C2AHs, AHs3, as shown in Figure 22a, as established in the literature
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[3,19,33,163,174,179]. The identification analysis of hydrated phases of CAC 51-10 wt%
and 20wt% at 20 °C, confirmed the formation of CAHi, C>AHs and C,ASHg
[170,174,180,181] (see Figure 22b and 1c). It can be seen that the influence of silica restricts
the formation of AHs, which implies that for these formulations of silica retards the
conversion effect. Figure 22a, corresponding to compositions with 0 wt%, show that the
intensity of the peaks associated with C>AHs, drastically decrease in the formulations added
addition of silica, Figure 22b, 1c. This is because part of CoAHs reacts with S or AHz, in
accordance with C,AHg + AH; + S —» C,ASHg + 3H or C,AHg + S —» C,ASHg [17], to
form C,ASHg . Hence, the silica also restricts the formation of C2AHg and thus retards the
effects of the conversion. Silica favors the formation of C,ASHg .
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Figure 22. XRD, W/C=0.4, T=20°C. CACP: a) 0wt%; b) 10wt%; c) 20wt%.

The Bragg-intensity, R(BragQ), is given by equation (14):

Ykl Frki(0bs) — Fpy(calc)|

R(Bragg) =

Where I,

Ynkt Frii (0bs)

(14)

= mF%,,, (m=multiplicity) and I, is the intensity of each peak. This can be used

to monitor the improvement in the structural model [182]. It is accepted as a good refinement
when R(Bragg) < 10. R(Bragg)s is calculated with X'Pert High Score Plus/Panalytical
software.




87

Figure 23a shows the diffractogram of CACP 51-0 wt% subjected to 1000 °C. It can be seen
that CA, CAz and C12A7 phases were formed. For CAC 51-0 wt%, CA, R(Bragg) = 3.08;
CA2, R(Bragg) = 3.54 and C12A7, R(Bragg) = 3.14.

Figure 23b and 23c show the diffractogram of CACP 51-10 wt% and 20wt% subjected to
1000 °C. It can be seen that CA, SiO2and C12A7 phases were formed.

e For CACP51-10 wt%, CA, R(Bragg) = 5.21; SiO2, R(Bragg) = 4.26 and C12Az,
R(Bragg) = 3.57.

e For CACP51-20 wt%, CA, R(Bragg) = 5.86; SiO2, R(Bragg) = 6.93 and Ci2A7,
R(Bragg) = 5.32.
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Figure 23. XRD, W/C=0.4, 1000°C. CACP: a) Owt%:; b) 10wt%; c) 20wt%.

6.3.2 RIETVELD REFINEMENT ANALYSIS

The Rietveld analysis was performed with the polynomial method. The order of the
background, the unit cells, the atomic coordinates and width and shape of the peaks were
refined in each phase. Table 22 shows all the parameter values obtained from the Rietveld
refinement for all formulations subjected to 1000 °C. The parameters a good Rietveld
refinement are defined as [50]: Rp: Residual of least-squares refinement. R,,,: weights
residual. Rexp: evaluates the quality of the data. GOF: Goodness of fit; compares R, to

Rexp. It is calculated from equation (15).
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(15)

It would be a perfect fit, but you want GOF <4 and the fit are acceptable for GOF < 10 and

R, < 10.

Table 22. Rietveld refinement parameter — 1000°C: W/C=0.4

Formulations Rexp Rp (<10) Rwp GOF (<10)
CACP 51-0 wt% 2.92 4.23 5.21 3.18
CACP 51-10 wt% 3.17 6.14 8.23 6.74
CACP 51-20 wt% 3.20 6.73 8.17 6.52

Figure 24 shows the guantification of the phases obtained by Rietveld analysis in CACP 51-
Owt%, 10wt% and 20wt%, W/C = 0.4, subjected to 1000 °C. CACP51-0wt% forms the
phases CA, CA; and C1A7 with 50.5%, 45.9% and 3.6% respectively. CACP51-10wt%,
forms the phases CA (82%), C12A7 (9.9%) and SiO; (8.1%). CACP51-20wt%, forms the

phases CA (72%), C12A7 (7.5%) and SiO2 (20.2%).

40 4 82
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Figure 24. Quantification of phases by Rietveld refinement:. W/C=0.4, T=1000°C.

6.3.3 FTIR ANALYSIS
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Figure 25a and 25b, show the results of FTIR analysis for CACP 51-10 wt% and CACP 51-
20 wt% at 20 °C, in the range of 400-1200 wavenumbers (cm™). It can be seen that stratlingite
Is formed at very low wavenumbers and transmittance. The value of the wavenumbers for
the transmittance bands for Figure 25 are summarized in Table 23 . Figure 25a and 25b,
corroborates the formation of hydrated phases, identified by XRD tests (see Figure 22b and
1c)
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Figure 25. FTIR: W/C=0.4: CACP 51- 0 wt%: a) 20°C, b) 1000°C

Figure 26a and 26b show the results of FTIR analysis for CACP 51-0 wt% at 20 °C and
CACP 51- Owt% at 1000 °C, respectively. For 20 °C in the 1000-4000 range wavenumbers
(cm™) and for 1000 °C in the 400-1000 range. Transmittance bands are observed only in
these ranges. Figure 26a corroborates the formation of hydrated phases, identified by XRD
tests (see Figure 22a) and Figure 26b corroborates the formation of anhydrous phases,
identified by XRD tests (see Figure 23a). The value of the wavenumbers for the transmittance
bands for Figure 26a are summarized in Table 24 and for Figure 26b in Table 25.
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Figure 26. FTIR, 1000°C, W/C=0.4:
a) CACP 51-10wt%, b) CACP 51-20wt%, 4000-1000 and 400-1000 cm™* respectively.

Table 23. FTIR — wavenumbers values for Stratlingite

Wavenumber [cm™] Assignment Reference
1016, 913, 911, 855, 710, Si—O-Al- Stratlingite [183]
709, 477, 475, 472, 418,

417, 416.
1020, 965, 860, 710, 590, Si—O—Al- Stratlingite [184]
530, 455
969.17, 907.89, 585.67,
485.17, 435.06, 421.25 Si—O—Al- Stratlingite This work

[51-10-20] [51-20-20]

Figure 27a and 27b show the results of FTIR tests for CACP 51-10 wt% and CACP 51-
20 wt% at 20 °C in the range between 1000 and 4000 wavenumbers (cm™). The formation of
the phases detected by XRD is verified and no different phases were detected with FTIR
analysis. The value of the wavenumbers for the transmittance bands for Figure 27a and 27b
are summarized in Figure 27a and 27b, corroborate the formation of hydrated phases,
identified by XRD (see Figure 22b and 22c).
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Figure 27. FTIR: 20°C, W/C=0.4, a) CACP51- 10 wt%, b) CACP51-20wt%.
Table 24. Assignments of FTIR transmittance Bands:
20°C: CACP51-0, 10 and 20wt%, W/C= 0.4.
Wavenumber [cm™] Assignment Reference

3666 — 3665 — 3662 — 33661

O-H stretch in hydrogarnet

[161,170,185]

3659.45[51— 0 — 20]
[51- 10 — 20]
3671.06 [51- 0 — 20]
[51- 20 - 20]
3659.47 [51- 0 — 20]

O-H stretch in hydrogarnet

This work

3529 — 3527 — 3525 — 3524

O-H stretch in gibbsite

[170,186,187]

3522.59 [51— 0 — 20]
[51- 10 — 20]
3528.71[51— 20 — 20]

O-H stretch in gibbsite

This work

3471 — 3469 — 3468— 3467

O-H stretch in gibbsite

[170,186,187]

3464.29 [51- 20 — 20]
3457.21 [51- 10 — 20]

O-H stretch in gibbsite

This work

1646 -1641-1640 —1639 —-1637

O-H bending water

[185]

1486 —1485 -1482 —1481

CO%*3 Asymmetric stretching in
aragonite+vaterite

[170,188]

1474 51— 10 — 20]
1468.55 [51 — 20 — 20]

CO%3 Asymmetric stretching in
aragonite+vaterite

This work
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1429 -1420 -1418 1416 CO?%3 Asymmetric stretching in [188]
calcite
1366 —1364 CO?%3 Asymmetric stretching in [189,190]
CsAcH11

Figure 28 shows the results of FTIR, T=1000°C, W/C = 0.4 of CACP 51-10wt% and 20wt%.

The phases detected by XRD are observed. The values of the observed transmittance peaks
are summarized in Table 25.

Figure 28a and 28D, corroborates the formation of hydrated phases, identified by XRD tests
(see Figure 23b and 22c¢)
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Figure 28. FTIR, 1000°C, W/C=0.4: a) CACP 51-10wt%, b) CACP 51-20wt%. 400-1000
cm™

Table 25. Assignments of FTIR Transmittance Bands:
1000 °C: CACP51-0, 10 and 20wt%, W/C=0.4

Wavenumber [cm™] Assignment Reference
805 — 804 AlOgvibration in CA  [31,113,115,116,155]
801.97 [51- 0—-1000] [51-10-1000]  AlOQg4Vvibration in CA This work
801.38 [51- 20 — 1000]
780 AlOsvibration in CA  [31,113,115,116]
AlOg4 vibration in
C12A7

777.48[51- 0 —-1000] [51- 10 —-1000] — AIQavibration in CA This work

779.55 [51- 20 - 1000] 776.89 [51- 0 — AlO4 vibration in

1000] C12A7
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AlOg4 vibration in
CA;

93

[113,115]

744.72 [51- 0 — 1000]

AlOg4 vibration in
CA,

This work

720

AlOg4 vibration in CA

[31,113,115,116,155]

723.43[51- 10 — 1000] — 724.21 [51- 20
~1000]

AlOg4 vibration in CA

This work

680 - 677

AlOg4 vibration in
CA;
AlOg4 vibration in CA

[31,113,115]

681.77[51— 10 — 1000] — 680.39 [51- 20
~1000]

AlOg4 vibration in
CA>
AlOg4 vibration in CA

This work

640

AlOg4 vibration in
CA;
AlOg4 vibration in CA

[31,113,115,116,155]

636.30 [51— 0 — 1000]
[51— 10 — 1000] — 638.04 [51— 20 — 1000]

AlOg4 vibration in
CA,
AlOg4 vibration in CA

This work

573 -570

AlOg vibration in
CA;
AlOg4 vibration in CA
AlOg vibration in

[31,113,115,116,155]

C12A7
576.20 [51- 10 — 1000] AlOq vibration in This work
573.70 [51- 20 — 1000] CA:
AlOg4 vibration in CA
AlOg4 vibration in
C12A7
478 — 477— 455 — 453 SiO4 bending [185]
vibration of quartz
487.81 [51- 10 - 1000] Si04 bending This work
vibration of quartz
478 — 477— 455 — 453 SiO4 bending [185]
vibration of quartz
471.91 — 454,74 [51- 10 — 1000] SiO4 bending This work

473.36 — 457.87 [51- 20 — 1000]

vibration of quartz
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422 — 420 AlOgvibrationin  [31,113,115,116,155]
CA2
AlOqvibration in CA
414.20[51- 10 — 1000] AlOq vibration in This work
418.02 [51- 20 — 1000] CA2

AlOg4vibration in CA

6.3.4 SEM ANALYSIS

Figure 29a, 29b and 29c¢ shows SEM images of CACP 51-0, 10 and 20 wt%, respectively,
with W/C = 0.4 at 20 °C. For CACP 51-0 wt%, phases of CAH1o, AHz and C>AHg are
observed. For CACP 51-10 wt% and 20 wt%, phases of C2ASHs, CAH1o and C2AHg are
observed. The phases CAH1o and C>AHg are hexagonal [31,171,191-194] and the phases
AHszand C2ASHgare cubic and elongated [192,193]. Figure 29d and 28h show SEM images
pure silica, on a scale of 100 and 1 pum, respectively.

Figure 29e shows SEM images of CACP 51-0 wt%, W/C=0.4 at 1000 °C. Phases CA, CA:
and C12A7 were observed [195,196]. Figures 29f and 29g show SEM images of CACP 51-
10 wt% and 20 wt%, respectively, with W/C=0.4 at 1000 °C. Phases of CA, CA2, C12A7 and
SiO2 were observed [195-197]. These structures could be attributed to the path’s roads
produced by the evaporation of water, the redistribution of products formed by dehydration,
changes in morphology and structure, changes in density and pores formed in the initial
conversion processes. Unfortunately, it would be very complex to separate all these effects.

CACP 51 - 0wt% : 1000°C CACP §1 - 10w1% : 1000°C CACP 81 - 20wt% : 1000°C Sko2 : 20°C

Figure 29. SEM — CACP 51-0, 10 and 20wt%, W/C=0.4 — 20°C and 1000°C.

6.3.5 CRYSTALLITE SIZE AND MICROSTRAIN ANALYSIS

The Williamson-Hall method was used for each formulation with the following parameters
in the X Pert High Score Plus/Panalytical software: FWHM (Full Width at Half Maximum)
plot mode: FWHM; FWHM curve fit type: Caglioti function and Williamson-Hall; plot type:
Linear Williamson-Hall Plot.
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The distance d between adjacent planes in the Miller indices (hkl) in a crystalline structure
can be calculated from Bragg’s law A = 2dsin 6, A is the wavelength of x-rays and 6 is the
angle between the incident rays and the scatter planes [198]. However, the peak width derived
from crystallite size varies as 1/cos 8, whereas strain varies as tan 8. This difference in
behavior as a function of 26 enables one to discriminate between the size and strain effects
on peak broadening. The distinct 6 dependencies of both effects laid the basis for the
separation of size and strain broadening in the analysis of Williamson and Hall [199,200],
using equation (16) :

kA

Deoso 9) + (4etanB) (16)

Brrr = (

Where B, is the peak width at half-maximum intensity, k is a constant equal to 0.94, D is
the particle and € is the Strain-induced broadening arising from crystal imperfections and
distortion. Figure 30a, 30b and 30c show the results of the numerical adjustment for micro
strain for the formulations CACP 51-0, 10 and 20 wt%, respectively. The values obtained for
the micro strains are: 0.22, 0.19 and 0.21% respectively. It can be observed that the non-silica
formulation has the highest percentage in the micro strain, so it can be conjectured that the
silica content restricts the micro strains. Figure 30d, 30e and 30f show the results of the
numerical adjustment for crystallite size: for the formulations CACP 51-0, 10 and wt%,
respectively. The values obtained for the crystallite size are: 453, 533 and 466 A respectively.
It can be observed that the formulation with 10 wt% of silica has a larger crystallite size.
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Figure 30. 1000°C - W/C=0.4: Williamson-Hall Method: Microstrain:

CACP 51: a) Owt%, b) 10wt% and c) 20wt%. Crystallite size: d) Owt%, d) 10wt% and d)
20wt%.

6.3.6 TGA-DTG ANALYSIS

Table 26 summarizes the decomposition temperatures of CAC hydration products in °C
according to various studies and those that were found in this work.

Table 26. Decomposition temperatures of CAC hydration products:
T (°C), according to various studies and this work.

Reference Method CAH1o C2AHs C2ASHs Cs3AHs AHs-  AHs Al
gel (OH)3
This work — TGA- 115.23 239.70 — 317.93 — 293.88 —
CACP 51-0 DTG
wt%
This work — TGA- - - 235.97 306.57 - 297.50 -
CACP 51-20 DTG
wt%
Schneider DTA  ~ (155 & 285) - - - - - -

[201]
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Heikal et al DTA 170 295  210-225 330 100 256 —
[202]
Ramachandran DTA 140-170 - - - - - -
[203]
Barnes et al DTG ~125 - - ~330 - - ~290
[204]
Day et al DTG - - - - 100- - 3 steps
[205] 200 ~550
Popeetal [85] DTA ~110-120 — — ~320- — — ~295—
350 310
George [159] — ~140 ~170 - ~300 ~90 — ~280
Midgley [206] DTA ~150 ~230 — ~310 — — ~275
Bushnell et al DTA - ~190- - - ~107- - -
[207] 200 120
Dasetal [208] DTA 160-180 200 - 290 — 290 -
~175 280 350 350
~275 ~320 ~300
Guirado et al DTG  ~(37,99&112) - - - - - -
[39]
Schmitt et al DTG — — - 200 — - -
[209] 400
Fryda et al DTA ~150 ~200 — ~330 — — ~290
[210]
Cardoso et al - 120 170- - 240 100 - 210-
[30] 195 370 300
Collier [211] DTG 100-150 150- 200 300- — — 250
200 250 350 300
450~ 500
500 550
Bushnell et al DTG 100-150 140- 192 ~ 330 - - ~230
[212] 200
Taylor [22] DTG 100-150, 290 200 — —
250
Kwan et al DTG - - 200 - - -
[213]
Scriveneretal DTG - - 200 - - -
[10] 230
Kalousek DTG - - - 315- - - -
[214] 330
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Passaglia DTG — — - 250— — — —
[215] 310
450—
550
- 220
Alwiit [216] DTG - - - - - 230
280
300
310-
325
495
525
220
Mackenzie DTG — — - - — - 230
[217] 310-
325
495-25
~ 330
Scheinherrova  DSC 100-150 80— - 290 - 260 -
et al [84] 200 350 330
Mostafa et al DSC ~100 ~230 200~ ~300 - ~280 —
[65] 230
Lothenbach DTG ~100 140- - ~330 - ~280 —
[218] 200
Park et al DTG ~100 ~130 - ~320 - ~280 —
[219]
Tchamba et al DTG — — — ~300 — ~250 -
[220]
Tchamba et al DTG ~150 - - ~320 — — —
[106]
Rambo et al DTG — ~140 - - ~100 ~280 —
[221]
Maitra et al DTG ~220 — — ~370 ~100 — —
[222]
Antonovic et - 120 200 - 300 100 300 -
al [38]
Zhuetal [223] DTG — — - - — 270-  257-277
317
Pacewskaetal DTG — 180-  180-220 — 20-180  220- —
[181] 220 370
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Szczerba et al DTA 97.94 165.93 - 451.29 97.94 - 285.48
[83]
Made et al DTA 88.43 159.78 - 439.20 88.43 - 261.67
[224]
Pacewskaetal DTG 95 125  180-220 280 96.54  220- -
[165] 370
Griffin et al TGA - - - 340 — — 300
[225]
Cardoso et al DTG — — - 240- — 300 -
[226] 370

Figure 31a shows the TGA curve for CACP 51-0 wt%, there are four characteristic
temperatures, 115.23 and 239.70 °C which can be associated with the dehydration of CAHz1o
and C2AHg and the formation of AHz and C3AHs; 293.88 °C which can be associated with
dehydration of AH3 and 317.93 °C which can be associated with the dehydration of C3AHe.
In the process of dehydration between 239.70°C and 317.93 °C a mass loss of 16.97 %
equivalent to 6.26 mg is observed.

Figure 31b shows the DTG curve associated with the TGA curve for CACP 51-0 wt% silica
and confirms the dehydration temperatures for AHz and C3AHe.

Figure 31c shows the TGA curve for CACP 51-20 wt%, four characteristic temperatures are
observed: 129.87 °C, which can be associated with the dehydration of C3AH1o [174], 235.97
°C with that of C2ASHs, 297.50 ° C with that of AHs and 306.57 °C with that of C3AHe. In
the process of dehydration between 235.97 °C and 297.50 °C a mass loss of 17.56% is
observed, equivalent to 3.37mg.

Figure 31d shows the DTG curve associated with the TGA curve for CACP 51-20 wt% and
confirms the dehydration temperatures for AHz and C3AHe. These identifications are
established based on the phases that have already been identified with XRD and FTIR, and
are supported by the work of other researchers; see Table 26.

As the dehydration of AH3 and CsAHe occurs at very similar temperatures and the thermal
energy for the dehydration of AHszis much greater than that of the dehydration of C3AHe,
these dehydration peaks overlap in a slow sweep, for example at a10 °C/min [53], the rate
used in this work. Therefore, the total thermal energies for the dehydration of phases AHs
and C3AHe are observed together in the same peak as observed in Figure 31b and 31d.
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Figure 31. TGA curves: CACP 51: a) Owt%, c) 20wt%. DTG curves: b) 0wt%, d) 20wt%.

6.3.7 POROSITY, DENSITY AND ABSORPTION ANALYSIS

Porosity, density and absorption were calculated under the tests and requirements established
in the international standard ASTM C 642-97. The results of the calculations are summarized
in Figure 32. All the results are for the CACP 51-0, 10 and 20 wt%. Figure 32a shows the
density variation at 20 °C and after subjection to 1000 °C for 4 hours. It can be established
that at 1000 °C the density decreases by 72, 76 and 73% for CACP 51-0 wt%, CACP 51-
10 wt% and CACP 51-20 wt%, respectively. This shows that the higher the silica content,
the greater the change in density.

Figure 32b quantifies the volume generated by the porosity for the different formulations. It
can be observed that at 1000 °C the porosity increases significantly (with respect to the
porosity at 20 °C) by 33.1%, 31.2% and 27.65% for CACP 51-0 wt%, CACP 51- 10 wt%
and CACP 51-20 wt%, respectively. This shows that the formulation with higher silica
content shows a greater increase in porosity. Figure 32c shows the absorption values for the
different formulations, it can be seen that at 1000 °C the absorption increases significantly
(with respect to absorption values at 20°C) by 31.1%, 33.28% and 25.91% for CACP 51-
0 wt%, CACP 51- 10 wt% and CACP 51-20 wt%, respectively. This shows that the
formulation with higher silica content shows less change in absorptivity.
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Figure 32. Results test according to the international standard ASTM C 642-97:
a) comparison of porosity, density and absorption, b) density, c) porosity and d) absorption.

6.3.8 DAMAGE ANALYSIS AND PROBABILITY CURVE

There are no analytical models similar to those used for the study of classical fracture in
materials to describe and quantify damage, because all material constants change with
temperature, which makes them inadequate models. Therefore, to quantify the damage
generated by thermal effects, statistical and alternative methods are used, such as those used
in this work. A proprietary method is used to quantify the damage caused by high
temperatures. This consists of measuring the length of the cracks by means of digital image
analysis, taking this length as damage parameter, then calculating the probability distribution.
This methodology allows the relationship between the damage parameter, the porosity and
the silica content to be established.

Figure 33a, 33b and 33c, show images of CACP 51- 0, 10 and 20wt% respectively, 20°C.
Figure 33d, 33e and 33f, show images of CACP 51-0, 10 and 20wt% respectively, subjected
to 1000 °C.
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Figure 33. Images of CACP 51-0, 10 and 20wt% subjected to 20 and 1000 °C.

With the ImageJ software, the length of each crack was measured, and the total and average
crack length was taken as a damage parameter. The mean value and the standard deviation
of the different crack lengths are calculated and the probability distribution for the different
formulations is calculated.

Figure 34a shows the probability distribution of average crack length of CACP 51-0wt%,
10wt% and 20wt%, subjected to 1000°C, respectively. It is observed that the highest
probability values occur for CACP 51-10wt% of 15% average lengths of 7mm. It follows
CACP 51-0wt% silica of 14.5% of average lengths 6.5mm and finally for CACP 51-20wt%
silica of 11% of average lengths of 9.7mm. Note that for CACP 51-20wt% silica the
probability is smaller but the average crack length is greater, which means greater damage.
Figure 34b clearly shows that the formulations with higher silica content present greater
damage.
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Figure 34. Statistical analysis:
a) Distribution of average crack length probability of CACP 51-0, 10 and 20wt% subjected
to 1000 °C. b) Total length of crack in each formulation.

6.3.9 STRAIN STRENGTH

Figure 35 shows the compression strength at 20 and 1000°C for CACP 51-0, 10 and 20wt%.
It can be observed that when the samples are subjected to 1000°C compression strength is
lost in all the formulations. For CACP 51-0wt% there is a loss of 6.64 MPa (21.96%), for
CACP 51-10wt% of 6.37 MPa (18.36%) and for CACP 51-20wt% of 4.51MPa (11.64%).
This proves that silica improves compression strength at both 20 and 1000°C.
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Figure 35. Compression strength

Figure 36 shows the comparison of LS (Loss of Strength), AD (Amount of Damage), PO
(Porosity), LD (Loss of Density), CS (Crystallite Size), MS (Microstrain) and AB
(Absorption) in the formulations of CACP 51wt% at 1000 °C.

In Figure 364, it can be seen that the CACP 51-20 wt% formulation has the lowest loss of
mechanical strength, implying that silica favors compressive strength, but at the same time
this formulation shows greater cracking and a greater amount of damage. This can be
explained due to the fact that the amount of damage was estimated by the size of cracks, for
CACP 51-10 wt % at 1000 °C the cracks were greater in number but shorter in size, while
for CACP 51-20 wt%, the cracks smaller in number but longer resulting in the effect
explained above for the physical properties. This means that the mechanical strength was
more influenced by the phases that were formed, so the mechanical strength was higher with
the two silica formulations compared to the silica-free formulation.

Silica increased the porosity up to 1000 °C (see Figure 36b), the absorption and density of
the formulation CACP 51-20 wit%, are lower than in the formulation CACP 51-10 wt% (see
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Figure 36b and 36¢, but the two silica formulations improved mechanical strength despite
this.

From Figure 36¢ it can also be established that in silica formulations the lower the loss of
strength, the higher the crystallite size, but the greater the number of microstrains, this
increase in the micro strains due to the silica explains why these formulations have greater
damage. In addition, the value for linear thermal expansion coefficient at 1000 °C reported
in the literature for alumina is 10.3x10°° °K™1 [227], while for silica this is 4.4x10° °K"! [228].
This implies that the formulations with silica have greater micro strains compared to the
formulation without silica, because of the sum of both strains.

From Figure 36d, it can be seen that the formulations with silica have greater porosity and
greater damage, in accordance with what was discussed above.
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Figure 36. Analysis of the formulations CACP 51-0, 10 and 20wt% at 1000°C:

Factors: LS, AD, CS, MS, PO, LD and AB: a) LS, AD, CS and MS, b) MS, PO, LD and
AB, ¢) LS, AD, LD and AB d) AD, CS, MS and PO.
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6.4 DISCUSSION

In the formulations CACP 51-10 wt% and 20 wt% at 1000 °C the phase CA: is not observed
and the formulation CACP 51-0 wt% at 1000 °C if you formed it (see Figure 23a, 22b, 22c,).
This is because the silica restricts the formation of CA». The reasons for this come from the
clinker of the CAC. We will analyze this in depth and in several steps.

1. CAC of low alumina content such as CAC 51 wt% does not contain the phase CA>
[31] because the analysis of the binary diagram of phases CaO — Al, 05 of the CACs
shows that CaO/Al>Oz ratios between 0.9 and 1.2 they have lower solidus & liquids
temperatures than the CaO/ Al>Os ratios than those that take values between 1.8 and
2.5[29,229]. If the CaO/Al;Os ratio is less than 1.0, that is, it is a low alumina cement,
it is expected for phases C12A7 and CA to be the main phases of the CAC. For this
reason, CAC with low alumina content such as CAC51 does not present the CA>
phase. High alumina cements, depending on their CaO/Al.O3 ratio, contain mainly
CA and CA, or with increasing Al.O3 content, CA2 and CAs [29,230,231].

2. Silica restricts the formation of C2AHsg in the hydration process and thus retards the
effects of the conversion [180,232], because C>AHg can occur mainly as a
consequence of the hydration of CA2[19,160,161]. Therefore, in the hydration of low
alumina cements, a small amount C,AHg is formed, as per the previous explanation.
On the other hand, stratlingite can be formed through the reactions of CoAHsg with S
or AHg, in accordance with C,AHg + AH3; + S - C,ASHg + 3H or C,AHg +S —
C,ASHg This explains why the amount of C,AHg drastically decreases in the
formulations added with silica, (in Figures 22b, 22c this can be seen by the size and
number of peaks). Part of the C2AHg interacts with the silica to form C,ASHg and,
therefore, the silica favors the formation of C2ASHs. In this way, the silica restricts
the formation of C2AHg because it uses it to form stratlingite in the hydration process
and thus retards the effects of the conversion, since the strantlingite is a stable phase
from 65 °C and does not undergo conversion after its formation at least until 90 +
5°C [180].

3. The formulations without silica present the hydrated phases CAH10, C2AHs and gel
AHs, (see Figure 22a). The TGA and DTG tests (see Figure 31) show that when they
undergo heating the hydrated phases are converted to crystalline phases CzAHgs and
AH3 according to the reaction scheme

Formulations without silica present hydrated phases CAH1o, C2AHg and gel AHs, (see
Figure 22a and 22b). TGA and DTG tests (see Figure 31), show that when subjected
to heating the hydrated phases are converted to the phases CsAHs and crystalline AH3
according to the reaction scheme 3CAH1o — C3AHs+2AH3+18H [233] and 3C2AHs
— 2C3AHg+AH3+9H [234], as the temperature continues to rise phase C3AHs is
dehydrated according to 7CsAHs — C12A7H+9CH+32H [19,107,208,235] and AHs
is dehydrated AHs — A+3H [19,107,208,235,236] later CH — C + H and C12A7H
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dehydrates as C12A7H — C12A7+H approximately ~800 [235] then the mayenite is
sintered with alumina and crystallized in CA and CA., according to C12A7 +5A—
12CA or C12A7 +17A— 12CA2 between 800 °C and 1000 °C [235]. This explains
why the quantities of mineral C12A7 increases dramatically to 800 °C [237] and
between 800 °C and 1000 °C decreases to higher alumina content, while the amount
of minerals CA and CA: increase (see Figure 25).

4. The formulations with silica form the hydrated phases C,ASHg, CAH;,, C,AHg (See
Figure 22b and 22c). TGA and DTG tests (see Figure 31), show that as the
temperature increases, stratlingite is dehydrated according to the reaction C,ASHg —
C.AS+8H, at temperatures between ~165 and 220 °C later CoAS reacts with the
alumina at 800 °C to generate mayenite and silica, C2AS+A —C12A7+S between
800 °C and 1000 °C [53,168,169,238].

5. The formulations with silica do not produce gibbsite in the hydration process (see
Figures 22b and 22c) and for CACP 51-10 wt% and 20 wt% there is little C2AHs,
because they have low alumina content, (see numeral 2.), for this reason the
formulations with silica only have the CAH1o phase to produce alumina during the
heating while the phases without silica have the three hydrated phases, as channels,
to produce alumina. For the formulations without silica, much more alumina is
observed in the heating process up to 1000 °C than for the formulations with silica,
which explains the following:

a. The formulations with silica at 1000 °C have more unreacted C12A7 than those
with silica since CACP 51-10 wt% has 9.9% C12A7, CACP 51-20 wt% 7.5% and
CAC 51-0 wt% has 3.6% (see Figure 25). This is because in the heating process
up to 1000 °C produces C12A7 and S and these two phases are not sintered at this
temperature, So more energy is required to produce for example gehlenite C2AS
at 1200 °C and anorthite CAS: at 1400 °C [104,237,239].

b. CACP51-0 wt% at 1000 °C (see Figure 25) is observed to contain CA and CA;
in almost equal proportions of 50.5%, 45.9% respectively and little C12A7, at
3.6%. The small amount of C12A7 observed is due to the fact that there is more
alumina to be sintered, since it does not contain silica.

c. CACP51-10 and 20 wt% does not produce CA: because there is not enough
alumina and the alumina that is produced reacts with C12A7 to produce CA due to
the fact that less energy is required to produce it (see numeral 1), this also explains
why higher amounts of CA are observed in these formulations (see Figure 24).

C3AHs was not observed initially because the hydration process was performed at 20 °C, but
in the heating process, it is evidenced from the TGA and DTG, that this phase was formed
and then dehydrated in a temperature range of 306.57 - 351.67 °C for the different
formulations investigated.




108

The crystallization process and the lack of energy to combine the anhydrous phases, explains
why there is a loss of compressive strength between 200 °C and 1000 °C. At these
temperatures there is not enough energy for the silica to react with the CA and CA., form
gehlenite or anorthite, and start establishing the ceramic bonds. After at 1200 °C these phases
are formed and ceramic bonds are established and a combination of them occurs.

It is important to investigate the behavior between 20 °C and 1000 °C as it helps to ascertain,
with the best possible precision, the relationship between the amount of damage and the
factors such as LS, CS, MS, PO, LD and AB. This helps to define the materials that can be
mixed, the quantities, and methods to improve the material in with these factors in mind, as
well as the temperatures to which the materials must be subjected to achieve particular phases
and improve the mechanical properties.

6.5 CONCLUSIONS

1. The addition of silica to CACP restricts the formation of C2AHg and Gibbsite (AH3)

and favors the formation of stratlingite (C2ASHg) in the hydration process, implying

that it avoids the conversion process and improves the mechanical strength.

Silica does not provide refractory properties for the heating process up to 1000 °C.

3. With the temperature increase between 800 and 1000 °C, the mayenite (C12A7)
crystallizes in CA and CA2, so these phases increase and the amount of mayenite
decreases dramatically.

4. All formulations lose compression strength at 1000 °C but silica improves
compression strength at 20 and 1000 °C.

5. The formulations with silica present a lower temperature dehydration of the AH3z and
similar hydration temperature for C3AHs.

6. The dehydration temperature of C2ASHs, C2AHs, AH3, CsAHs and CAHy are close,
in each formulation with 20 and 0 wt% correspondingly.

7. The formulations with addition of silica show a higher increase in the microstrains
determined by the XRD tests, at 1000 °C

N
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7. CHAPTER 7. CALCULATION OF ACTIVATION ENERGIES OF
CALCIUM ALUMINATE CEMENT PASTES ADDED WITH
MICROSILICA SUBJECTED TO HIGH TEMPERATURES
Submitted to publish

7.1 INTRODUCTION

When the hardened paste of CAC is heated up to 800 °C, the dehydration generates the
conversion process CAH1o — C2AHg — C3AHs [30]. The dehydration process ends during
heating up to 800 °C and C12A7 is formed which, after heating to a temperature of 1000 °C
or higher, crystallizes in CA or CA> [22,30]. Antonovic et al [38] it complements by saying
that in addition to C12A7, the mineral phases CA, CA: are also formed at 800 °C and is
independent of the curing temperature and C12A7 predominates.

The activation energy is defined as the difference between the internal energy of the system
in the transition state and that of the initial state. This is that minimum amount of energy
required to initiate a chemical reaction or phase transformation. The use of non-isothermal
methods for the calculation of the kinetic parameters of the reactions instead of the
conventional isothermal methods is fully justified [81,85-88].

In this research different formulations of calcium aluminate cements pastes (CACP) with
71wt% of Al,O3 (CACP 71wt%), (wt% -percentage by weight) were made at 0.4 water to
cement ratios (W/C) with additions of 0, 10 and 20wt% of silica (CACP 71-0, 10 and 20wt%,
respectively). All samples were exposed to oxidative environment for 4 hours at 1000 °C, in
a furnace under an air atmosphere. The chemical and mineralogical characterization was done
using x-ray fluorescent (XRF) X-ray diffraction (XRD) (with Rietveld refinement) and
Fourier-transform infrared spectroscopy (FTIR), their morphology is characterized with
Scanning electron microscopy (SEM) tests and phase quantification is carried out by the
Rietveld method.

The behavior of the constituent phases with the temperature was also studied through of
thermal gravimetric analysis (TGA) and the corresponding derivative thermogravimetry
(DTG). It is observed that: the C12A7 decrease dramatically between 800 °C and 1000 °C
while the amount of minerals CA y CA> are increasing, Silica favors the formation of
C,ASHg, among other results. Activation energies were calculated using Friedman's method.
The values of the activation energies obtained for the formulation of CACP 71- Owt% for
different phases, were in the range of 12.02 to 16.41 kJ/mol and for the formulation of CACP
71-20wt%, in the range of 7.7 to 16.23 kJ/mol.
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Activation energies were calculated from the results of the TGA and DTG tests; and by using
Friedman's differential method [240], whose mathematical expression is given by the
equation (17):

da (A Q (17)
lnd—T = ln(ﬁ) +nln(l —a) ~RT

When plotting an—z VS % a straight line is obtained, the slope of which can be found by

numerical adjustment using the least squares method, which provides a value for the
activation energy.

7.2 EXPERIMENTAL

7.21 SAMPLES MANUFACTURE

Silica from a natural Colombian source with 98% purity and an average grain size of 2 um
was used to prepare the specimens. The chemical composition of raw CAC 71wt% powder,
obtained by X-ray fluorescence in an XRF Thermo spectrometer model OPTIM X, is: Al2O3
(71.09), CaO (28.38), SiO2 (0.238). Calcium aluminate cement pastes CACP were
investigated. Three types of CACP 71wt% sample were made, with water to cement (W/C)
ratios of 0.4, and with additions of silicon oxide of Owt%, 10wt% and 20wt% as summarized
in

Table 27. Formulations fabricated for cement paste sample with additions of silicon oxide,
all cement pastes were fabricated and cured at 20°C and were kept closed to air contact for
48 hours (in order to avoid pre-carbonation), then released from molds and subjected to
48 hours of hydration covered with water, 5mm above its surface. Thereafter, samples were
removed from water and let to air drying during 24 h. Sample dimensions were 19 mm in
diameter and 22 mm in height.

Table 27. Formulations fabricated for cement paste sample with additions of silicon oxide

Formulations

No CEMENT wi/C SiO2 - wt% T (°C)
1 0

2 CACP 71wt% 0.4 10 20

3 20

7.2.2 CHARACTERIZATION OF THE CAC PASTES

Tests for thermal gravimetric analysis (TGA) were performed in TGA Q500 V20.8 Build 34.
InstrSerial 0500-1190 equipment. Temperature range was (25°C to 1000°C), at a rate of 10
°C/min. Additionally, the samples were heated to 1000°C, with a holding time of 4 hours in
a Nabetherm GmbH 30-3000°C LT 9/12P330 furnace. Both heating and cooling were
performed at a rate of 1.67°C/min, for analysis of the formation of phases according to
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temperature and their kinetic behavior. The samples were characterized before and after heat
treatment.

XRD characterization was done in a X'Pert PRO diffractometer with Cu K _ radiation of
1.5406 A°. Scanning was performed between 26 of 5 to 70°, with a step size of 0.02°. For
the XRD interpretation, the COD database (Crystallography Open Database) was used. Phase
identification and Rietveld refinement were performed with the X'Pert High Score
Plus/Panalytical software. For the elimination of the K-alpha 2 peak, the Rachinger model
was used, with a background with a granularity of 20 and bending factor of 1. For the
diffraction peak search, the second derivative minimization method was used. A JEOL JSM
— 6490 scanning electron microscopes equipped with microwave energy dispersive X-ray
was used to observe the variation of the microstructure of samples of all formulations. Fourier
transform infrared spectroscopy (FTIR) measurements were conducted in a Shimadzu IR
Tracer-100 with a scanning range between 400 and 4000 cm-1. The analysis was performed
by ATR, with resolution 4 and 16 cycles.

7.3 ANALYSIS AND RESULTS

7.3.1 ANALYSIS BY XRD
PHASE IDENTIFICATION

The identification analysis of hydrated phases of CACP 71-0wt% silica at 20°C, confirmed
the formation of CAH10, C2AHs, AH3, as shown in Figure 1c. This is consistent with what
has been in the established in the literature [3,19,33,163,174,179]. The identification analysis
of hydrated phases of CACP 71-10wt% and 20wt% at 20°C, confirmed the formation of
CAH10, C2AHg, C2ASHg [170,174,180,181] (see Figure 37a and 36b). It can be seen that the
influence of silica restricts the formation of AHs, which implies that for these formulations
the silica retards the conversion effect [19,164].

The conversion process of CAC, is due to the fact that the CAH1o and C2AHg phases are
metastable at ambient temperature and convert to the more stable phases CsAHs and AHs
[19,221]. This conversion is accompanied by the release of free water which results in a
decrease in strength, caused by the increase in porosity and permeability and permeability
[164]. The conversion process reaction scheme is equation (18) [3,51,165].

3C,AHg — 2C;AH, + AH; + 9H (18)
3CAH,;, — C;AHg + 2AH; + 18H

Figure 37a, that corresponds to compositions with 10wt%, shown that the intensity of the
peaks associated with C2AHs, drastically decreases with respect to the formulations with
added silica, Figure 37a and 37b. This is because part of C2AHs reacts with S or AHs, in
accordance with C,AHg + AH; + S —» C,ASHg + 3H or C,AHg + S —» C,ASHg [17], to
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form C,ASHg. Therefore, silica also restricts the formation of CoAHg and thus retards the

effects of the conversion. Silica favors the formation of C,ASHg.
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Figure 37. XRD, W/C=0.4, T= 20°C, CACP 71wt%: a) 10wt%, b) Owt%, c) 20wt%

7.3.2 RIETVELD REFINEMENT ANALYSIS
The Bragg-intensity R(Bragg) value given by equation (19):

Y hkilFhi (obs) — Fpyq(calc)|
Y hki Fhii (obs)

RBragg =

(19)

Where Iy = mFZ, (m=multiplicity) and I,,;, is the intensity of each peak, can be used to
monitor the improvement in the structural model [182]. It is accepted as good refinement

when R(Bragg) < 10.

Table 28. Values of the database COD and R(Bragg)s, W/C=0.4, 1000°C. summarizes the
values of the database COD (Crystallography Open Database) of the phases identified by
XRD of samples submitted to 1000°C, W/C=0.4 and the estimated values of the R(Bragg)s,
which shows that the phase identification was done with very good precision. Figure 38
shows the phases formed, established by XRD, with W/C = 0.4, at 1000°C for CACP 71-

Owt%, 10wt%, and 20wt%.
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Formulation Phase Code - COD R (Bragg)

CA 96-200-2889 3.08

CACP 71-0wt% CA2 96-350-0015 3.61
C12A7 96-901-1738 2.99

CA 96-200-2889 3.44

CACP 71-10wt% CA2 96-350-0015 2.95
C12A7 96-901-1738 2.88

SiO2 96-230-0371 4.02

CA 96-200-2889 4.82

CACP 71-20wt% CA2 96-350-0015 4.25
C12A7 96-901-1738 5.36

SiO2 96-230-0371 5.93

The Rietveld analysis was performed with the polynomial method. The order of the
background, the unit cells, the atomic coordinates and width and shape of the peaks were
refined in each phase. Table 29 shows all the values obtained from the Rietveld refinement
parameters for all formulations subjected to 1000°C. The parameters of a good Rietveld
refinement are defined as [50]: Rp: Residual of least-squares refinement. R,,,: weights
residual. Rexp: evaluates the quality of the data. GOF: Goodness of fit; compare R,,, to Rexp.
This is calculated from equation (20):

GOF = x? =

Rup ]2 (20)
Rexp

It would be a perfect fit if GOF < 4 but the fit is acceptable for GOF < 10 and R, < 10.
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Figure 38. XRD, W/C=0.4, 1000°C, CACP 71: a) 0, b) 10, c) 20wt%.
Table 29. Rietveld refinement parameter — 1000°C: W/C=0.4
Formulations Rexp Rp Rwp GOF
CACP 71-0wt% 2.80 411 5.30 3.58
CACP 71-10wt% 3.23 6.32 7.21 4.98
CACP 71-20wt% 3.27 6.42 7.63 5.44

Figure 39 shows the quantification, obtained by Rietveld analysis, of CACP 71-0, 10 and
20wt%, WI/C = 0.4, subjected to 1000°C. It can be seen from Figure 39 that the higher the
silica content, the lower the CA and C12A7 content and the higher CA: content.
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Figure 39. Quantification of phases by Rietveld refinement’s, W/C=0.4, CACP 51-71, with
Owt%, 10wt% and 20wt% silica content, 1000 °C.

These results suggest that silica, in high alumina cements, favors the formation of CA; at
1000°C, which implies that the silica improves the mechanical resistance. The C12A7 phase
impairs mechanical resistance, so the formation of this phase in large percentages should be
avoided in the manufacture of cement. It can also be seen from Figure 39 that silica restricts

the formation of Ci2A7; at 1000°C, which further demonstrates that silica improves
mechanical strength.

7.3.3 FTIR ANALYSIS

Figure 40a and 40Db, show the results of FTIR tests for CACP 71-10wt% and 20wt% at 20°C,
in the range of 400-1200 wavenumbers (cm™). It can be seen that stratlingite is formed at
very low wavenumbers and transmittance. The value of the wavenumbers for the
transmittance peaks for Figure 40 are summarized in Table 30.




116

Stratlingite-C ASH_

SE T~ el
: ) ]
=
£ TR
-y —
[ = 1
i b) &—\\f“—'——aﬂ_ _-
— —— -'

' T J T T T v T ' T v T T T '
1200 1100 1000 900 800 700 600 500 400

Wavenumber [cm"]

Figure 40. FTIR, 20°C, W/C=0.4, range 400-1200 [cm]:
a) CACP 71-10wt%, b) CACP 71-20wt%.

Table 30. FTIR — wavenumbers values for Stratlingite

Wavenumber [cm™] Assignment Reference
1019.17, 967.77, 906.50 579.79, 482.37, 467.17,
437.85, 418.46 Si-O-Al- This work
[71-10-20] [71-20-20] Stratlingite

Figure 41a and 41b, shows the results of FTIR tests for CACP 71-10wt% and 20wt% at 20°C
in the range of 1000-4000 wavenumber (cm™). The formation of the same phases detected

by XRD is verified. The values of the wavenumbers for the transmittance peaks are
summarized in Table 31.
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Figure 41. FTIR results of CACP 71:
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in the range between 1000 and 4000 cm™* without heat treatment with: a) 10wt% silica and

b) 20wt% silica.

In Figure 41a, a refers to an impurity of CO3~ Asymmetric stretching in aragonite + vaterite.
In Figure 41b, a refers to an impurity of CO%~ Asymmetric stretching in calcite, B refers to
CO3%~ Asymmetric stretching in C,AcH,, and y refers to OH — bending of water.

Table 31. Assignments of FTIR Transmittance Bands:
in CACP 71-10wt% and 20wt%, 20°C, W/C= 0.4.

Wavenumber [cm™] Assignment Reference
3659.47 [71- 10 - 20] O-H stretch in hydrogarnet This work
3522.59 [71- 10 - 20] O-H stretch in gibbsite This work
3457.21 [71- 10— 20] O-H stretch in gibbsite This work
3451.08 [71- 20— 20]

1646.31[71 — 20 — 20] O-H bending water This work
1474 [71- 10 - 20] CO?%*3 Asymmetric stretching in This work
aragonite+vaterite
1414.76 [71 — 20 — 20] CO%3 Asymmetric stretching in This work
calcite
1367.08 [71 — 20 — 20] CO%*;3 Asymmetric stretching in This work
CsAcH11

Figure 42 show FTIR curves, 1000°C, W/C = 0.4 of CACP 71-10wt% and 20wt%. The same
phases detected by XRD are observed. The values of the observed adsorption peaks are

summarized in Table 32.
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Figure 42. FTIR, 1000°C: W/C=0.4. CACP 71: a) 10wt%, b) 20wt%.
Table 32. Assignments of FTIR transmittance Bands in CACP 71-10 and 20wt%, 1000 °C.

Wavenumber [cm™] Assignment Reference
801.38 [71- 20 — 1000] AlOg vibration in CA This work
800.07 [71- 10— 1000]

776.89 [71- 10— 1000] AlOqvibration in CA This work
775.38 [71- 20— 1000] AlOg4 vibration in C12A7
744.72 [71-10-1000] AlOq vibration in CA This work
746.05 [71- 20— 1000]
725.36 [71- 10— 1000] AlOg vibration in CA This work
725.54 [71- 20— 1000]
681.71 [71- 10— 1000] AlOg4 vibration in CA; This work
679.21 [71- 20— 1000] AlOqvibration in CA
636.71 [71- 10— 1000] AlOq vibration in CA2 This work

[71- 20— 1000] AlOqvibration in CA
573.70 [71 — 20— 1000] AlOg4 vibration in CA; This work
572.37 [71- 10— 1000] AlOg vibration in CA

AlOg vibration in C12A7

451.52 [71- 10— 1000] SiO4 bending vibration of quartz This work
450.19 [71- 20— 1000]
418.02 [71- 10— 1000] AlOq vibration in CA This work

AlOg4vibration in CA

7.34 TGA-DTG ANALYSIS

Figure 43a shows the TGA curve for CACP 71-Owt%. There are four characteristic
temperatures: 129.67 and 236.00 °C, which can be associated with the dehydration of CAHs
and C,AHg, respectively; and 302.84 °C and 338.74°C, which can be associated with the
dehydration of AHz and C3AHe, respectively. In the process of dehydration between 236.00
°C and 338.74 °C, a mass loss of 16.30% is observed, equivalent to approximately 6.45 mg.

Figure 43b shows the DTG curve associated with the TGA curve for CACP 71-0wt%, which
exhibits the peaks at the indicated the dehydration temperatures for AHz and CzAHe
[241,242].

Figure 43c shows TGA curve for CACP 71-20wt%. Here, four characteristic temperatures
are observed, which can be associated, 169.33 °C to the dehydration of C3AH1g [37]; 245.24
°C which can be associated to that of C2ASHg, 297.89 °C, which can be associated to that of
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AHgz; and 351.67 °C, which can be associated to that to that of C3AHe. In the process of
dehydration between 169.33°C and 351.67 °C, a mass loss of 20.12% is observed, equivalent

to approximately 3.825 mg.

Figure 43d shows the DTG curve associated with the TGA curve for CAC 71-20wt%, and
confirms the dehydration temperatures for AHz and C3AHe. Table 33 summarizes the
decomposition temperatures of CACP hydration products in °C found in this work.
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Figure 43. Curves TGA and DTG of CACP 71:
a) TGA-0wt%, b) DTG 0wt% c) TGA — 20wt%, d) DTG-20wt%

As the dehydration of AHs and C3AHe occurs at very similar temperatures, and the thermal
energy for the dehydration of AHs is much greater than that for the dehydration of C3AHe,
these dehydration peaks overlap in a slow sweep, for example a rate of 10 °C/min [53], which
was the one used in this work. Therefore, the total thermal energy for the dehydration of AH3
and C3AHe phases are observed together in the same peak as observed in Figure 43d.

The AHz phase, can be formed in small quantities in the hydration process at 20 °C in the
form of a quasi-crystalline gel. As it can be seen in Figure 43c. The C3AHs phase is only
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formed by conversion or hydration at temperatures higher than 35°C, so it does not appear
initially to 20°C [176,243].

The AH3 and C3AHe phases produced by conversion are crystalline, if XRD and FTIR are
made with samples heated to 35 °C or higher up to approximately 300 ° C, they would appear,

but we only did them at 20 and 1000 °C, but Figure 43 shows its formation and subsequent
dehydration, in the heating process.

Table 33. Decomposition temperatures of CACP hydration products in °C according to this
work.

Reference Method CAHq CzAHs CzASHs C3AH5 AH3- AH3 Al
gel (OH)3
Thiswork - CACP  TGA- 129.67 236.00 - 338.74 - 302.84 -
71-0wt% DTG
This work — CACP  TGA- - - 245.24  351.67 - 297.89 -
71-20wt% DTG

Table 34 and Table 35 show the temperature ranges of the phase dehydration, the activation
energy and the correlation factor for CACP 71-Owt% and CACP 71-20wt%. The activation
energies were calculated based on the data obtained by the TGA tests (see Figure 43) and
using Friedman’s model, equation (17).

Table 34. Activation energies at different stages — CACP 71-0wt%

Dehydration Temperature range [°C] R? Activation energy [kJ/mol]
C2AH;, to AH3 236-302 0.9811 12.02
C2AH;, to C3AHg 236-338 0.9842 16.41
CsAHs to CA 336-700 0.9870 13.71

Table 35. Activation energies at different stages — CACP 71-20wt%

Dehydration Temperature range [°C] R? Activation energy [kJ/mol
CsAH1o to AH3 169.33 - 297.89 0.9831 9.79
CsAH1o to C3AHs 169.33 - 351.67 0.9843 7.70
CASHgto CA+ S 336 - 700 0.9825 16.23

7.4 DISCUSSION

It can be seen from Table 34, that the activation energies decrease at a higher temperature
starting from the average range of 16.41 kJ/mol to 13.71 kJ/mol in the dehydration of C2AH19
and C3AHs respectively, but from Table 35 the opposite is observed, there is an increase in
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activation energy 7.70 kJ/mol to 16.23 kJ / mol in the dehydration of C3AH10and C2ASHe
respectively.

The growth of the activation energy could be due to the collapse of the calcium aluminate
hydrate network after dehydration, and the increase in the cationic field of the aluminum
cation with the dehydration of the gel. This suggests that silicon bonding leads to more energy
being required for the dehydration process. The decrease in activation energy may be due to
the disintegration of the compact structure, which facilitates the release of calcium water
molecules and aluminate hydrates.

The crystallization process and lack of energy to combine the anhydrous phases. This
explains why there is a loss of compression strength at high temperatures in these cements.
At these temperatures (1000 °C), there is not enough energy for the silica to react with the
CA and CA; and form gehlenite or anorthite, thereby starting to establish the ceramic bonds.
After 1200°C, these phases are formed, ceramic bonds are established, and a combination of
the phases occurs.

In this work it was found that the hydrated CAC forms stratlingite when reacting with the
silica, according to the reaction scheme (3) and this improves the mechanical properties over
a wide range of temperatures [174,180,197,232,244-248].

7.5 CONCLUSIONS

e Silica restricts the formation of CoAHg while favoring the formation of C2ASHs in
the hydration process.

e The formulations with silica do not produce gibbsite (AH3) in the hydration process.

e The dehydration temperature of C2ASHs, C2AHs, AH3 C3AHg and CAH1g are close,
in each formulation with 10wt% and 20wt% correspondingly.

e The values of the activation energies obtained for the formulation of CACP 71-0wt%

for different phases, were in the range of 12.02 to 16.41 kJ/mol and for the
formulation of CACP 71-20wt%, in the range of 7.7 to 16.23 kJ/mol.

e Silica, in high alumina cements, favors the formation of CA, at 1000°C, which
implies that the silica improves the mechanical resistance.

e The C12A7 phase discourages mechanical resistance, so it is a phase that should be
avoided if it is formed in large percentages, in the manufacture of cement, which
implies by another criterion that silica improves mechanical strength.
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8. CHAPTER 8: CALCIUM ALUMINATE CEMENTS WITH SILICA
CONTENTS UNDER HIGH TEMPERATURE COMPRESSION
TESTS

Submitted to publish

8.1INTRODUCTION

Some of the main properties attributed to CAC are high strength to impact and abrasion, good
acid resistance, high temperature stability, and high early strength cement [1]. CAC is one
the main binders used by industry in the monolithic refractories [1,4,23,65,245], while other
applications include industrial floors for extreme acidic conditions, and protective coatings
and chemical products for the construction industry [23]. The hydrated phases that are formed
with CAC depend on the temperature [19,245]. The main phase of hydration at temperatures
< 20°C is the CAH;, [22,31]. For temperatures = 20°C, the majority phases are C,AHg
(Ca2Al2013H36 - Dicalcium aluminate octahydrate) and AH; (AI(OH)s - Gibbsite) [22]. The
initial high resistance of the CAC is attributed to the formation of hexagonal hydrates,
CAH;, (CaAl2014H20 - Monocalcium aluminate decahydrate) and C,AHg, but these phases
are metastable and are converted to phases C;AH4 (Cas[Al(OH)e]2 - Katoite), which are more
stable [22,164,167], which certainly limits the applications of these materials.

The hydration reactions for CACP added with silica, follows the equations (21), where the
stratlingite could crystallize in a stable phase in the temperature range T~20°C — 90°C [17].

CAH,, + S > C,ASHg + AH; + 9H
C,AHg + AH; + S - C,ASHg + 3H (21)
C,AHg + S > C,ASHg

In order to determine the CACP behavior under high temperature, the use of non-isothermal
methods for the calculation of the kinetic parameters from the reactions instead the use of
conventional isothermal methods is required [75,81,85-88], where the activation energy can
be calculated with and without considering the stresses. For the activation energies in the
absence of stress, TGA tests and Friedman's differential method has been used before [240],
mainly due to its simplicity and precision, whose mathematical expression is given by the
equation (17).

Three creep extrapolation techniques have been extensively explored for the creep design:

a. The theoretical approach, which is addressed from the constitutive equations, is derived
from an analysis of the continuum mechanics.

b. The practical or parametric approach; is developed from numerical methods with the
mathematical fit of models and experimental curves. Larson-Miller [249], Sherby-Dorn
[250] and Manson-Haferd [251].
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c. Theta Projection Model (TPM) [249,252,253] is a procedure for the interpolation and
extrapolation of creep properties, some of which may have been obtained from
accelerated tests. TPM has been successfully applied to ceramic materials [254-256],
however, has not been applied to CACP [254,256,257].

Experimentally, it has been established for crystalline materials that creep at the micro scale
is governed by three types of mechanisms or combinations of them: intragranular dislocation,
diffusive creep (diffusion of vacancies), and grain-boundary diffusion [258-262]. A
particular case of creep at low stresses and high temperatures, which is governed by self-
diffusion energy and is linear in the stress, is known as Nabarro-Herring creep [263,264]. As
the temperature goes down near 0.4Tm, the atoms (vacancies) are more opposed to move,
being forced to use the grain boundaries, which is known as Coble's creep [265]. The standard
creep modeling of the second stage of creep at high temperature in crystalline materials, has
been described with equation (22) [266,267]. Where & is the steady state strain rate, A is a
dimensionless constant, and D is the diffusion coefficient, G is the shear modulus, b is the
Burgers vector, k is the constant of Boltzmann (= 1.38 * 10723 J/°K), T is the absolute
temperature, d is the grain size, p is the inverse grain size exponent, o is the stress to which
it is subjected the material, and n is the exponent of stress.

‘o ADGb (b)p (a)" (22)
G

T kT \d
Q (23)
D = Dyexp (— /RT)

In equation (23), D, is the frequency factor and R is the gas. The mechanisms of diffusion of
creep in the boundary may be subdivided into three distinct categories [268-270]: Lifshitz
sliding, with an elongation of the grain in the direction of the stress; Rachinger sliding, when
there is no elongation in the grains; and Interface reaction control, when the boundaries are
not perfect sinks and sources for vacancies. Results of several diffusive creep works, the
subtype of the creep and the values of n and p associated with those mechanisms, have been
published: Lifshitz Sliding: n=1, p=1[271,272]; n=2, p=1[273-277]; n=2, p=2[278]; n=2.4,
p=1.4[279]; n=5,p=1[280]. Rachinger Sliding: n=1, p=2 [281]; n=2, p=1[274,282]; n=2, p=2
[266,277,283,284].

Creep parameters can be calculated from a numerical fit by non-linear regression methods,

TPM and experimental curves. TPM proposed by Evans et al. [252,257], is mathematically
represented by equation (24),

€=0,(1—e%) +05(ebt — 1) (24)
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The parameters 6, and 6, characterize the state of primary strain, where 6, determines the
strain at the end of the primary state and 8, governs the curvature of the process, 65 is the
strain of the tertiary state (that is, the total strain reached in the creep to the failure of the
material, regardless of the one reached in the primary state) and 6, represents the curvature
of the tertiary strain.

Equation (24) shows the strain at each instant of the material’s life. On the other hand, the
limit moment between the primary and tertiary states, characterized by the minimum strain
rate, is obtained by deriving the equation (24) twice and equaling it to zero, obtaining the
minimum time of creep (t,,) or life time as is show in equation

(25), with a minimum creep rate given by equation (26):

1 0,02
tm = In >
0, +0, \0;02 (25)
ém = eleze_eztm + 9394ee4tm (26)

Thus, with the values of these four 6 parameters, the strain (€), life time (¢,,), and the
minimum creep rate (e,,), can be calculated as function of time. The data provided by
equation (25) and (26) are used to estimate the values of n and E, (equations (27) and (28))
for any stress and temperature [285], with n is the exponent of stress. A denotes a finite and
small increase.

B Odlné Alné (27)
n= dlno Alno

oln é Aln € (28)
R ar-1y R A(T-1)

Q:

In the theory of internal variable, the internal variables associated with general hardening
(H), recovery (R) and damage by creep (W) are all scalar quantities during the whole
lifetime of creep, were developed by Evans [286] in terms of theta parameters of the TPM
and used by Baldan et al [287]. The constitutive equations are [287]:

e=¢'(1+H+R+W) (29)
and
H=-Hé&R=R W =W¢ (30)
where
(31)

éO == 0102 + 9394
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P 0, (32)
0,0, + 656,
o 02030, (33)
6,0, + 656,
1 (34)
w==
03

The addition of silica to the CACP decreases the porosity, increases the mechanical resistance
[197,245] and plays an important role in modern castable technology, although it is
potentially negative for hot resistance and greatly improves the placement characteristics
[246].

It is important to know how much damage is due to creep or other mechanisms to be able to
use the materials designed in the right conditions and to know the effect of silica on the
amount of damage. For this reason, in this work, a creep analysis of pure CACP and CACP
51-10wt% and 20wt% and CACP 71-10wt% and 20wt% is made by estimating parameters
from the TPM and to understand the mechanisms. The values of the Theta Projection Model
parameters were estimated using non-linear regression fit methods.

Different formulations of CACP with 51wt% and 71wt% added with silica have been
exposed to high-temperature oxidation environments during 16 hours at T=800°C, in a
furnace built for creep tests, subjected to the constant stress of 0.3MPa. CACP was mixed
with 10% and 20 wt% of silica and had a Water to Cement ratio (W/C) of 0.40. Both, the raw
cement powders and their corresponding hydrated samples, were characterized using laser
granulometry, X-ray Fluorescence, X-ray Diffraction, and Scanning Electron Microscopy.
The parameters of the TPM are calculated by fitting the experimental curve upon the
optimization of non-linear regression techniques, implemented in the MATLAB software:
The activation energy (Q), minimum time of creep (t,, ), minimum creep rate (¢,,), inverse
grain size exponent (p) and the exponent of the stress (n). The creep micro-mechanisms
were established as well. In addition, the internal variables associated with general hardening
(H), recovery (R) and damage by creep (W) were calculated to find relationships between
their rheological and microstructural behavior.

The behavior of the constituent phases with the temperature was also studied through
Thermal Gravimetric Analysis for CACP 71wt% and CACP 71-20wt%. A value for CACP
71wt% of the activation energy exclusively of creep, of 2.98 kJ/mol and for CACP 71-20wt%
of 7.04 kJ/mol was estimated.

8.2MATERIAL AND METHODS

CACP 51-71-0, 10 and 20wt%, were investigated in this work. Six types of samples were
fabricated. W/C was kept to 0.4, as shown in Table 36. Formulations fabricated for cement
paste samples with additions of silicon oxide The chemical composition of these powders
was obtained in X-ray Fluorescence (XRF) Thermo spectrometer Model: OPTIM'X. Sample
dimensions were 19 mm in diameter and 22 mm in height. All samples were fabricated at
20°C and were kept closed to air contact for 48h (in order to avoid pre-carbonation).
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Thereafter, samples were removed from water and let to air drying during 24h and subjected
to 48 hours of hydration, covered with water 10mm above its surface.

Table 36. Formulations fabricated for cement paste samples with additions of silicon oxide.

Sample w/C SiO2 (wt%) T (°C)
CACP 51wt% 04 0 20
CACP 51wt% 04 10 20
CACP 51wt% 04 20 20
CACP 71wt% 04 0 20
CACP 71wt% 0.4 10 20
CACP 71wt% 0.4 20 20

X-ray Diffraction (XRD) characterization was done in a X'Pert PRO diffractometer with Cu
Ka radiation of 1.5406 A°. The scanning was performed between 26 of 5 to 70°, with a step
size of 0.02°. A JEOL JSM - 6490 scanning electron microscope with energy-dispersive x-
ray spectroscopy was used to analyze the samples and the damage, when the samples were
subjected to creep tests. Secondary electrons were used for a better definition of the surface
texture. A more complete characterization of the powders and CACP used in this work were
reported in [31,191].

Thermal Gravimetric Analysis (TGA) tests were performed in equipment: TGA Q500 VV20.8
Build 34. Purge gas conditions Gas Purity Composition Moisture Nitrogen 99.995% No.
Oxygen 99.980% Oy, at a rate of 10 °C/min.

Samples were subjected to high temperature compression tests in a self-made machine shown
in the Figure 44, at a temperature of 800°C during 16 hours and with a constant stress of
0.3MPa. The heating temperature ramp was 3.4°C/min. This equipment has an external
sensor that measures the strains at a micrometric scale with the following functions and
characteristics:

a) Zero setting at any position, b) ON/OFF button, c) Metric/Inch system interchange at any
position, d) With data output interface. Characteristics: €) Power: One 1.5v SR44 battery, f)
Operating temperature: 0°C ~ 40°C, g) Storage temperature: -20°C ~ 70°C, h) Relative
humidity: < 80%.

In Figure 44: 1. Alumina support with high melting point. 2. Sample submitted to creep tests.
3. Resistance generating high temperature. 4. Aluminarod. 5. Load slip train. 6. strain sensor.
7. Iron rod - sliding channel. 8. Weight that generates the stress of the test. 9. Support for
sensor displacement needle. 10. Metallic load support of high temperature compression tests.
11. Counterweight for the sliding platform.

The activation energy was calculated in the absence of stress (TGA Test) and by high
temperature compression tests using TPM. Activation energies in the absence of stress were
calculated from the results of the TGA tests, and using Friedman's differential method given

by the equation (17). When plotting an—i VS % a straight line is obtained whose slope can be

found by numerical adjustment, using linear regression method, which provides a value of
the activation energy.
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The values of the parameters 6, 6,, 65 and 6, of TPM (see equation (24)) were estimated
by numerical fit, using nonlinear regression methods, with creep experimental curve. The
values for the different formulations of the lifetime (t,,) were estimated using the equation
(25), the minimum creep rate (¢,,) using the equation (26), stress exponent - power law n
using the equation (27) and activation energy creep (Q) using the equation (28). The rate
values of the internal variables associated with the general hardening (H), the recovery
rate (R) and the damage by creep (W). H, R,W were calculated with the theory of Evans
[286].

To estimate the amount of damage exclusively by creep, this strain has been estimated
integrating equation (28), using the minimum time value (found with the equation (25)) and
the value of the exclusive activation energy for creep found by TPM.

Total
damage

=~ High

GO | oorrescio

Creep PI‘O’&( tests
damage | | Model
(TPM)

Figure 44. Furnace characteristics: a) Furnace for high temperature compression tests, b)
diagram that describes details of the furnace, c¢) Data loading and acquisition system, d)
Schematic representation of the loading and data acquisition system, ) Damage mechanisms
by high temperature compression tests.

8.3RESULTS

XRF results for chemical composition of CAC powder with 51-71wt% of alumina (CAC
51wt%-CAC 71wt%, respectively) are shown in the Table 37.

Table 37. Chemical composition of raw CAC powders.
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Sample Chemical Composition (wt%)
Al,O3 | CaO | SiO2 | TiO2 | Fe20Os | KoO | P2Os | ZrO2 | MoOs3
CACSHIwt% | 52.12 (3782 | 525 | 1.87 | 1.81 | 0.128 | 0.108 | 0.086 | 0.052
CAC 71wt% | 71.09 | 28.38 | 0.238 - - - - - -

The Figure 44. Powder properties: a) Particle size distribution curves CAC Powders. b) XRD
for raw powder from silicaa) shows the particle size probability curves of the CAC powders
from data taken with the laser granulometry technique. The normal distribution curve
establishes an average diameter of 4 um for the CAC powder 71 wt% and CAC powder
51wt% of alumina, that is, both cements show a similar granulometry. The powder from
silica was analyzed with XRD and it is presented in Figure 44.b). Results proved that the
sand used is made of high purity silica, very fine in size, with an average particle diameter of
0.16 pum.
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Figure 44. Powder properties: a) Particle size distribution curves CAC Powders. b) XRD
for raw powder from silica.

Other results regarding the raw materials characterization and regarding the hydrated phases
without additives were published before [31].

Other results regarding the raw materials characterization and the hydrated phases without
additives were published before [31]. Figure 45 shows XRD data for pure CACP and CACP
added with silica for W/C=0.4 at 20 °C. It can be seen that the main phases are CAH310 and
C2AHg and that the silica restricts the formation of gibbsite in both cements, this implies that
the silica slows the process of conversion in the CACP. It can also be observed that silica
favors the formation of Stratlingite (C2ASHs), this implies that silica increases mechanical
strength [177, 271].

Figure 45a and 46b shows the formation of the same hydrated phases independent of the
alumina content. Similarly, Figure 45c and 46d shows the formation of the same hydrated
phases independent of the alumina content.
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Figure 45. XRD Images, W/C=0.4:
CACP 51wt%: silica content: a) Owt%, c) 20wt%. CAC 71wt%: b) Owt%, d) 20wt%.

Figure 46 shows the TGA curves for CACP 71wt% and CACP 71-20wt%. It can be seen that
the main dehydration processes are observed in the temperature range of 200°C to 352°C. At
temperatures above 352°C, anhydrous phases are observed. The dehydration temperatures
observed for each phase are shown in Table 38. Decomposition temperatures (°C) of CAC
hydration products obtained in this work.
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Figure 46. TGA curves for CAC 71wt% and CAC71-20wt%

Table 38. Decomposition temperatures (°C) of CAC hydration products obtained in this
work.

Sample CAHyp  CAHs C>ASHg CsAHe AHz-gel AHs
CACP 71-0wt% - 236.00 — 338.74 — 302.84
CACP 71-20wt% 129.67 — 245.24 351.67 — 297.89
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The activation energies for the phase change in the dehydration process obtained by the TGA
tests (see Figure 46. TGA curves for CAC 71wt% and CAC71-20wt% and using Friedman’s
model (see equation (17)) are shown in the Table 39 where R? is the determination
coefficient.

Table 39. Activation energies in the range 336-800 °C — CAC 71-0wt%

Sample Dehydration Temperature R? Activation energy
range [°C] [kd/mol]
CACP 71-0wt% CsAHs to CA 336-800 0.9870 13.71
CACP 71-20wt% C.ASHsto CA+S 336-800 0.9825 16.23

Figure 47 shows images of the different formulations before and after of creep tests. It can
be seen that all the formulations exhibit surface fractures after being exposed to creep. It is
difficult to establish from the images, a precise relationship of the amount of damage
associated with the content of alumina and silica.

Before of high temperature compression Test

L

CACP 51-0wt% CACP 51-10wt% CACP 51-20wt% CACP 71-0wt% CACP 71-10wt% CACP 71-20wt%
After of high temperature compression Test

EURS =
1 ¢ e

CACP 51-0wt% CACP 51-10wt% CACP 51-20wt% CACP 71-0wt% CACP 71-10wt% CACP 71-20wt%

Figure 47. CACP images W/C=0.4:

Before of high temperature compression tests: CACP51: a) Owt%, b) 10wt%, c) 20wt%.
CACP 71: d) Owt%, e) 10wt%, f) 20wt%, After of high temperature compression tests: CACP
51wt%: g) Owt%, h) 10wt%, i) 20wt%. CACP 71: j) Owt%, k) 10wt%, I) 20 wt%.

Figure 48 shows the experimental curves of high temperature compression tests (ECHTCT),
800°C, W/C=0.4, 0 = 0.3 MPa. Figure 48a, shows the ECHTCT for CACP 51-0wt%,
10wt% and 20wt%, it can be observed that the higher the alumina content, the greater the
strain, but a non-linear behavior is evidenced, since the formulation with Owt% silica strain
in greater quantity than the 10wt% silica. Figure 48b shows the ECHTCT for CACP 71-0,
10 and 20wt%. It can be observed that lower the alumina content the greater the strain. A
non-linear behavior is also shown; this is because the formulation of 10wt% silica shows a
higher strain than the 20wt%.
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Figure 48. ECHTCT: a) CACP 51-0, 10 and 20wt%; b) CACP 71-0, 10 and 20 wt%.

Figure 49 shows the fit conducted by non-linear regression methods and implemented in the
MATLAB software for the experimental ECHTCT to theta projection model (TPM),
represented by equation (26), 800°C, W/C=0.4, ¢ = 0.3 MPa. Figure 49a), b) and c) show
the fit for the ECHTCT of CACP 51wt% with 0, 10 and 20 wt% silica, respectively. Figure
49 d), e) and f) show the fit for the ECHTCT of CACP 71-0, 10 and 20wt%, respectively.
All curves were adjusted independently.
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Figure 49. ECHTCT fit using the theta projection model (TPM):

CACP 51: a) Owt%, b) 10wt%, c) 20wt%. CACP 71: d) Owt%, e) 10wt%, f) 20wt%.

The values of the parameters 6, 6,, 65 and 8, found by the TPM are showed in the Table
40.
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Table 40. Estimated values of the parameters 6,, 6,, 5 and 6, - TPM

Formulations — Silica content (wt%b)

CACP 51 CACP 71
Parameters 0 10 20 0 10 20
0; 0.9558 0.0490 0.4131 1.0221 0.0473 0.8119
6, 0.9980 0.9371 0.7936 0.7090 0.4791 0.9458
0 0.9503 0.8505 0.7508 0.8140 0.7917 0.7693
0, 0.0998 0.0685 0.03726 0.0931 0.0939 0.0940

The values for the different formulations of the lifetime (T,,,), the minimum creep rate (¢,,),
stress exponent - power law n and activation energy creep Q and are shown in the Figure 50
(for notation of the formulations, see Table 41).

From Figure 50a and 51b, the inverse relationship between the minimum time of creep and
the minimum creep rate can be seen, as expected.
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Figure 50. Values of the parameters calculated with TPM.

Table 41. Formulations: Creep parameter values.
I 1 " v \ VI
CACP 51 CACP71
Owt% 10wt% 20wt% Owt% 10wt% 20wt%
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The rate values of the internal variables associated with the general hardening (H), the
recovery rate (R) and the damage by creep (W). H, R, W were calculated with equations (29)
and (30).

Figure 51 summarizes the magnitudes of all calculated values and shows the behavior of the
minimum time of creep with respect to the minimum rate to visualize more easily the
behavior of these parameters, in relation to each formulation. It can be established from
Figure 51a the small values of theta 4 with respect to the values of theta 1, 2 and 3 in all the
formulations. This indicates that stage 3 of creep is not presented with greater significance,
as can be seen also in the curves of Figure 49. Figure 51b shows a low stress exponent in all
formulations, which shows that the creep is diffusive and is not governed by a power law.

In addition, the activation energy and the minimum creep speed a non-linear behavior is
presented in relation to the type of cement and silica contents. Figure 51c shows that recovery
is almost zero in all formulations. The parameters of hardening and damage creep presents a
non-linear behavior in relation to the type of cement and silica contents. Figure 51d shows a
decreasing behavior of the minimum rate of creep in relation to the minimum time. This is
because the greater the minimum time of creep, the lower the strains registered in the life of
the material, and therefore it will have a minimum rate of creep and presents a highly non-
linear behavior in relation to the type of cement and silica contents.
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Figure 51. Graphs of calculated values: a) Magnitude of the Theta values with respect the
material formulation; b) tm: Magnitude of the minimum time values of creep, n: exponent of
stress and Q: activation energy vs formulation; c) Magnitude of the values of the internal
variables in each formulation; d) minimum time vs minimum creep rate.

The values of the constant A and p are determined with the phenomenological equation (35)
[288]; which is equivalent to equation (22) [288] and the letters denote the same meaning,
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with an approximate grain size of d ~ 4 um (see Table 42) and the values of (n), € and Q
already calculated, ( see Figure 51).

., a" Q (35)
G_A*dp*Exp< RT)

The calculated values for A, n and p are shown in Table 42.

Table 42. Calculated parameter values: Values of stress exponent (n), inverse size grain
exponent (p), and constant (A), 800°C, ¢ = 0.3MPa.

CACP 51wt% CACP 71wt%
Parameter Owt% 10wt% 20wt% Owt% 10wt% 20wt%
A 1 1 9 1 34 1
n 1.9 0.6 0.6 1.2 1.01 1.6
p 1 1 1 1 1 1

With the experimental values found for n y p, and with the help results reported by other
researchers, it can be conjectured that the part of the damage caused by creep is governed by
the mechanisms of Rachinger sliding. Sliding accommodated by formation of grain boundary
cavities, in all the formulations.

8.4 ANALYSIS OF CREEP AND CALCULATION OF ACTIVATION
ENERGIES

Figure 52a and 53b show images of SEM tests. You can see the cracks generated by the
damage due to the effect of the temperature and the applied stress. The failure of ceramic
materials operating in the creep range may be the result of growth of a dominant crack or by
the accumulation of damage in the material [85]. In this way, the cracks observed are the
result of damage caused by various factors such as the microcrack propagation, residual stress
and creep. Figure 52¢, 53d, 532e and 53f shows triple points where cracks are generated.
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Figure 52. SEM images for CACP exposed to creep at 800°C, 0.3MPa, W/C=0.4:
a) CACP 51wt%, 50um; b) CACP 51wt% , 20um; c) CACP 71- 20wt%, 20um; d) CACP
71- 20 wt% , 200um; e) CACP 71- 20 wt%, 50um; f) CACP 71- 20 wt%, 100um.

While slow crack growth is a direct extension of a crack by diffusion of atoms through the
tip of the crack, creep fracture is a process of nucleation, growth and coalescence of cavities
along the grain boundary of a non-homogeneous localized way [289].

Observations of the creep fracture process have revealed that the cavities are nucleated
mainly in the grain boundaries that are normal to the stress load. These cavities grow under
the influence of high temperature mechanisms such as the diffusion of the grain limit, the
sliding of the grain limit, and creep [86]. Then they join together to form micro grain
boundary cracks, and finally an intergranular fracture occurs when these micro fissures join
to form a macroscopic crack. It should be noted that because cavitation occurs in a non-
homogeneous and localized manner, it would induce localized stresses that, in turn, would
modify the stress field [175,289-291] and the analysis of stress during creep fracture is a
very complex problem.

The activation energy was calculated in the absence of stress (see Table 39) and with stress
(ECHTCT), see Figure 50c. Activation energy that is generated from the creep speed
measurement is apparent, because it is associated with total strain, both the strain generated
by creep and other factors, are included.

Therefore, in the first stage of creep or transient creep, the stress dependence of the strain
rate must occur at low stresses at high temperatures and since the propagation of localized
cracks has been invoked, which allows increased strains rates. If the temperature were
restricted to this transition regime, and a straight line relationship was assumed, a measured
activation energy value would be observed higher than that of a diffusion controlled process
[292].

The thermal analysis for samples CACP 71wt% and CACP 71-20wt% at 800°C revealed
activation energies of 13.71 and 16.23 kJ/mol respectively, see Table 38. The energies
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provided by the modeling of the creep curves at 800°C for CACP 71wt% and CACP 71-
20wt%, are 16.69 and 23.27 kJ/mol respectively, see Figure 50. Therefore, Q (activation
energy of creep for CACP 71wt% (800°C)) minus Q (activation energy by temperature effect
of CAC 71wt% (800°C)) = (16.69 — 13.71) kJ/mol = 2.98 kJ/mol. This implies that the
damage generated exclusively by creep is associated with 2.98 kJ/mol. Similarly, Q
(activation energy of creep for CACP 71-20wt% (800°C)) minus Q (activation energy by
temperature effect of CACP 71-20wt% (800°C)) = (23.27 - 16.23) kJ mol = 7.04 kJ/ mol.
This implies that the damage generated exclusively by creep has an energy of 7.04 kJ/mol
associated with CACP 71-20wt% formulations, which implies that silica increases the
resistance to creep damage.

8.5 DISCUSSION

Grain boundary sliding is a mechanism of strain of materials that includes the displacement
of the grains with each other at high homologous temperature and low deformation rate [293].
This relative movement increases the stress at the points where there are restrictions for the
movement, particularly in the triple points, resulting in a posterior diffusion or fracture strain.
This mechanism is the main reason for the failure of the ceramic at high temperatures due to
the formation of the vitreous phase at its grain boundary [293] as can be seen in this work.
Grain boundary sliding is a mechanism of strain of creep, not described in polycrystalline
materials with a single sliding mechanism, and in which grain movement must be
accommodated by cavities formation, diffusion, and in the case of metallic materials, by the
movement of dislocations [294].

It has been demonstrated according to the values given by n and p, that all the formulations
have a Rachinger sliding creep mechanism. This is because there is no evidence of a change
in the size of the grains, which implies that the silica content does not change the proper
sliding mechanism, but the samples without silica content (Figure 52a and 53b) show
formation of cavities near the grain boundary. It is known that silica favors the decrease of
pore in CACP [197,245], which could be the reason because the formulations without silica
show cavity formation, while for samples containing silica, no cavities were formed. It is
observed (see Figure 52c, 53d, 53e and 53f) that sliding with a continuous glassy phase at
the boundary does not show the formation of cavities, which implies that the energy released
in the strain is transmitted through the cracks formed, which establishes another reason to
conclude that silica content improves creep resistance. Also, for three formulations with silica
content, the strain rates are much lower than for the formulations without silica content,
which suggest that silica increases the resistance in CACP.

The obtained low values of the stress exponent were associated to the fact that the creep of a
ceramic material hardly involves intra-granular mechanisms, since for overcoming its
activation is required a very high stress that would produce breakage beforehand. Because of
this fragile nature of ceramic materials, at high temperature, diffusive processes dominate.

A creep strain of 0.03 was obtained for CACP 71-20wt% by integrating equation (27) and
using the minimum time value, tm = 5.62 hours (see Figure 50a), a temperature of 800°C and
an activation energy for creep of 7.04 kJ/mol. The total strain was about 0.045 for the same
material (see Figure 49f), which implies that a strain of the order of 0.015 (0.045-0.03) is due
to factors other than creep, possibly due to crack propagation. A similar calculation for CACP
71-0wt%, with a value for the exclusive activation energy for creep of 2.98 kJ/mol, tm of
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8.46 hours and temperature of 800°C, results in a creep strain of 0.02. Total strain of the order
of 0.04 (see Figure 49d), this implies that a strain of 0.02 (0.04 -0.02) is due to factors other
than creep, which may be crack propagation or residual thermal stress effects.

Therefore, for CACP 71-20wt%, approximately 75% of the strain is due to creep and the
remaining 25% is due to cracking; while for CACP 71-0wt%, approximately 50% of the
strain is due to creep and the remaining 50% is due to cracking. These results are summarized
in Figure 53, where the silica contents is associated to decrease the propagation of cracks and
channels the energy to propagation and thus to increase the creep contribution [197,245].

Damage amount (%)

Creep Cracking

Damage mechanism
u CACP 7T1-0wt% = CACP 71-20wt%

Figure 53. Damage mechanism by weight.

8.6 CONCLUSIONS
The main conclusions of this investigation are:

a) When CACP are under high temperature compression tests, cracking and creep damages
appeared, which has been analyzed in this investigation.

b) Formulations with silica content have greater resistance to creep than those that do not
have silica.

¢) Via non-isothermal thermal and theta projection methods was estimated how much
damage is due exclusively to creep when the samples are subjected to high temperature
compression tests. It was found that for CACP 71-20wt%, approximately 75% of the
damage is due to creep and the remaining 25% due to other mechanisms, possibly crack
propagation for CACP 71-0wt%, approximately 50% of the damage is due to creep and
the remaining 50% due to other mechanisms, possibly crack propagation. This implies
that although silica favors creep strain, it decreases the amount of damage caused by total
thermal strain as can be achieved see Figure 53.

d) Using TPM were calculated all the creep parameters. It was found that all the studied
formulations present a precarious phase Il of creep, this is due to the fragile nature of
the CACPs, the minimum strain rate decreases with increasing the minimum time of
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creep and present an almost zero recovery. Formulations with silica content have greater
strength to creep than those that do not have silica.

Using TPM can reveal the creep micro mechanisms that govern the strain, supported by
the literature and the calculation of the exponent of stress (n) and inverse size grain
exponent (p). It could be concluded that all the formulations studied have a sliding creep
mechanism Rachinger, that is, the silica does not change the sliding mechanism.
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9. CHAPTER 9. GENERAL CONCLUSIONS AND SOME
RECOMMENDATIONS

9.1 GENERAL CONCLUSIONS

The characteristics of the microstructure, mechanical properties and chemical composition
were determined to know the initial conditions of the calcium aluminate cement. The results
obtained are shown in chapter 4. This represents the fulfillment of the first specific objective
proposed in this work.

It was evaluated the effect of temperatures (500, 800 and 1000 °C) on CACP and CACP
added with silica, for different water/cement ratios, on the microstructure and the damage
occurred was quantified.

It was observed that the samples with higher alumina content and higher W/C, show a greater
number of cracks. The fact that higher W/C favors the conversion process, explains why the
samples with higher W/C show a greater number of cracks in relation to the samples with
lower W/C. It was also observed that at higher temperatures and low W/C, there is a greater
probability of cracks of greater length and the alumina content also favors the formation of
cracks of greater lengths. It could be established that silica restricts the formation of the
mineral phases of C>AHg and Gibbsite (AH3) in the hydration process and favors the
formation of stratlingite (C2ASHg), which implies that it avoids the conversion process and
therefore improves mechanical strength and the values of the activation energies obtained for
the formulation of CACP 71-0wt% for different phases, were in the range of 12.02 to 16.41
kJ/mol and for the formulation of CACP 71-20wt%, in the range of 7.7 to 16.23 kJ/mol.

This represents the fulfillment of the second and third specific objective.

A phenomenological mathematical model is proposed, which describes the behavior at
temperatures (500, 800 and 1000°C) in CACP in relation to the microstructure, type of
cement and the water/cement ratio.




140

This model is given by the following expression

8} = 8wkz1075T? — 0.1364wkT + 66.28wky

where

T : Temperature °C
6 . Amount of damage (mm)

i : Index that indicates the type of cement paste, takes values of 1 and 2. Wheni = 1,
it refers to CACP51 and i = 2, it refers to CACP71.
j : Index that labels each formulation, takes values of 1,2 and 3.

w: Water/Cement ratio. It takes values of 0.25, 0.3 and 0.4.

kg: Itisanadjustment factor. It takes values depending on the values of the pair of indices
i, j, as follows:

R
1,2and 3
4,5and 6
7,8and 9
10, 11 and 12
13, 14 and 15
16, 17 and 18

NN NP ||~
WN || W[N]~

where

137, k11 = 14, k12 = 162, k13 = 125, k14 = 139, k15 = 133, k16 = k7 =094, k17 =
0.89.

Additionally, a creep damage analysis was made, the phenomenological models for creep
found with the theta projection method for the different formulations are:

CACP51-0wt% silica

€ = 0.9558(1 — ¢~0:9980t) 1 0.9503(e%-0998t _ 1)

CACP51-10wt% silica

€ = 0.0490(1 — e~ 99371t) 4 0.8505 (00685t — 1)
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CACP51-20wt% silica
€ = 0.4131(1 — e 07936t) + 0.7508 (90373t — 1)
CACP71-0wt% silica
€ = 1.0221(1 — e %7090t) + 0.814031 (%0931t — 1)
CACP71-10wt% silica
€ = 0.0473(1 — e794791t) + 0.7917(%093% — 1)
CACP71-20wt% silica

€ = 0.8119(1 — e~09458t) 1 0.7693 (00940t _ 1)

It was found that for CACP 71-20wt% silica content, approximately 75% of the damage is
due to creep and the remaining 25% of damage is due to other mechanisms, possibly to crack
propagation. For CACP 71-0wt%, that is, samples without silica, approximately 50% of the
damage is due to creep and the remaining 50% due to other mechanisms, possibly crack
propagation. This implies that, although silica favors creep deformation, it decreases the
amount of damage caused by total thermal strain, as can be seen in Figure 53.

It was found that all the studied formulations present a very precarious creep tertiary phase,
this is reflected by the low values obtained for 65 and 8,, and is due to the fragile nature of
the CACP, the minimum deformation rate decreases with increasing minimum time. of creep
and has almost no recovery.

The micro-mechanisms that govern creep strain, estimated from the estimated values of 6,
was found that all the studied formulations present a type of Rachinger slip-type creep micro-
mechanism, this implies that the silica content does not influence the type of creep micro-
mechanism.

This represents the fulfillment of the fourth specific objective. In this way, the general
objective of this thesis is fully accomplished.
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9.2 SOME FINAL COMMENTS AND RECOMMENDATIONS

CACs are the raw material to create high performance materials in many industry sectors,
such as pharmaceuticals, cosmetics, cement and construction, ceramics (traditional,
decorative, refractory, new composite materials, smart ceramics, nanostructured, with
gradients)., among many others), the electronic device industry. CACs mixed with other
cements serve as the basis for creating refractory paints, varnishes, and other materials to
meet specific demands.

CAC:s are exceptional cements, with high mechanical, thermal, strong resistance to chemical
attack, early resistance, high thermal stability, resistance to abrasion. The applications of the
CAC are multiple, but to be the beneficiary of all their strengths, it is recommended to take
into account 4 fundamental aspects:

1. Know the conditions of application of materials manufactured from CAC, because these
conditions of use define the conditions of manufacture; the adequate alumina content,
the WIC ratio, the curing temperatures, and avoid problems such as conversion,
aluminosis or cracking.

2. Know the kinetics, to understand its behavior when mixed with other cements or
minerals. When subjected to heating between 20 and 1000 °C, knowing the kinetics is
essential to unveil the micro-mechanisms that govern the formation of phases, therefore,
the residence times at a certain temperature and the channels in which they are can be
established. they form certain specific phases that are required for a specific purpose.
For these reasons, knowledge of the behavior and processes related to heating is essential
for the creation of refractory ceramics and new materials based on CAC.

3. Knowledge of kinetics is also essential to direct phase formation from the manufacturing
of CACs from their raw materials. It is another fundamental reason to motivate the
research of kinetics in the manufacturing of CAC and to have control in the design of
new materials based on CAC for any of its potential applications.

4. Micro silica is a good additive to CACs for phase formation with potential refractory
applications.

9.3 FUTURE WORKS

Thermal analysis is essential in the design and manufacture of advanced materials. The
studies carried out in this thesis can be applied, according to the review of the state of the art,
in 5 complementary areas, which are shown in the Figure 54.
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Figure 54. Perspectives of research and challenges with CAC
Analysis of symmetry spaces from group theory - Nanoscience

The fundamental chemical interactions that control the structure and performance of cements
have been intensively investigated, but the complex and crystallographic nature of the phases
that form in hardened cements poses difficulties in obtaining detailed information on the local
structure, reaction mechanisms and Kinetics [295-298]. Solid state nuclear magnetic
resonance spectroscopy can solve the key atomic structural details within these materials and
the proper use of X-ray diffraction-generated diffractograms used with the focus of unveiling
crystalline symmetry spaces sets out all promising lines of research. to generate models that
will allow highly advanced designs of new materials generated from the knowledge of their
qguantum behavior and their adhesion with various suitable nano materials suggested by the
same theoretical analyzes.

Additive manufacturing

Additive manufacturing technologies (also known as 3D-3DP printing) have advanced
rapidly in various industrial sectors, including aerospace, automotive, medical, architecture,
arts and design, food and construction. Transition from visualization and prototyping stages
to functional and real part replacement opens up more design possibilities. Among the
various AM applications, construction applications. There are obvious challenges and risks
to integrating AM into large-scale construction. Thus, progress in commercialization appears
to be advancing at a slow pace since only a few large-scale 3DP trials for construction can
be found in the literature [299-301]. The use of CACs to generate AM-friendly mixtures
makes this a whole virgin and unexplored research area with great prospects for success and
applications.
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Circular economy

The search in the Scopus database (June -2020) with the keywords calcium aluminate cement
+ circular economy, did not show results. This shows the few works that have been carried
out in the management of solid waste generated from manufactured products based on CAC,
for these reasons, new processes on CAC-based waste and the circular economy become an
area of great projection for the industry. modern and great environmental impact.

Carbonatation process

CAC paste is known to react with atmospheric carbon dioxide. Carbonation causes numerous
chemical-mechanical changes in the cement paste. Carbonation under certain conditions
improves certain properties of the cement material [219,302-304] . For these reasons, the
active use of carbonation as a tool to manipulate certain properties of CAC-based materials
IS a very prospective research area, because it includes possible applications in fields such
as: improvement of fiber-reinforced cementitious compounds, concrete recycling and
immobilization of waste.

It is recommended to make a more exhaustive study of the carbonation of calcium aluminate
cement pastes without the presence of alkalis, taking into account the exposure time to CO»,
the alumina content, the relative humidity, the CO. concentration and of course the
temperature. of exposition.

It is also strongly recommended to do a more exhaustive study of creep damage. According
to the review of the state of the art, creep research in calcium aluminate cement pastes is very
incipient, and this knowledge is important when using these cements to make refractory
ceramics or construction materials. In this way, studying creep for calcium aluminate
cements, at 500, 800 and 1000 ° C, with various alumina contents, for different water to
cement ratios, becomes very relevant.
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