
 

 

 

 

 

 

 

 

 

Copyright 

by 

Ryan Thomas Chancey 

2008 

 

 



 

The Dissertation Committee for Ryan Thomas Chancey Certifies that this is the 

approved version of the following dissertation: 

 

 

Characterization of Crystalline and Amorphous Phases and Respective 

Reactivities in a Class F Fly Ash 

 

 

 

 

 
Committee: 
 

David W. Fowler, Co-Supervisor 

Maria C.G. Juenger, Co-Supervisor 

Kevin J. Folliard 

Edward J. Garboczi 

James O. Jirsa 



Characterization of Crystalline and Amorphous Phases and Respective 

Reactivities in a Class F Fly Ash 

 

 

by 

Ryan Thomas Chancey, B.S.; M.E. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

May 2008 



 

 

 

 

Dedication 

 

This dissertation is dedicated to my mother, Sheri Chancey, who always told me  

“You can do whatever you want to do, as long as you put your mind to it.” 

 



 v 

Acknowledgements 

 
My parents, Tom and Sheri Chancey, deserve my unconditional gratitude for their 

love and constant encouragement. Their support has facilitated my completion of now 

three academic degrees; but most importantly, they have taught me to expect only the 

best from myself. I am exceedingly fortunate for such wonderful friends and role models. 

Thank you, Mom and Dad. 

I am forever grateful to my advisors, Dr. David Fowler and Dr. Maria Juenger. I 

am inspired by Dr. Fowler’s breadth of knowledge and his dedication to students, to his 

university, and to the field of engineering. His academic, professional, and personal 

mentorship have profoundly influenced me, and the experience I gained assisting Dr. 

Fowler in his consulting practice proved invaluable as I evaluated and pursued a career 

path. I also appreciate Dr. Fowler’s generosity with his extra athletic tickets. I will always 

first be a Gator, but he has made a true Longhorn of me. Dr. Fowler is a fantastic 

supervisor and has become a wonderful friend. 

I relied on Dr. Juenger’s technical expertise and sound judgment when all my 

avenues of thought seemed to either dead-end abruptly or continue endlessly. Dr. Juenger 

often brought me back down to earth, calmed my nerves, and suggested a reasonable 

approach to my problems. Her impeccable attention to detail was always appreciated, but 

especially as I wrote and revised this dissertation.  

This research would never have been possible without the enthusiastic support of 

Mr. Paul Stutzman. I am humbled by his proficiency in the field of microanalysis and his 



 vi 

willingness to share his knowledge and experiences. My visits, e-mails, and telephone 

conversations with Mr. Stutzman were technically invaluable, and also quite fun.  

I sincerely appreciate Dr. Edward Garboczi’s service on my Ph.D. committee and 

his hospitality in hosting me as a guest researcher in the Inorganic Materials Group of the 

Building and Fire Research Laboratory at NIST.  

Thanks are also due to Dr. Kevin Folliard and Dr. James Jirsa for serving on my 

Ph.D. committee, reviewing my work, and providing advice over the past three years.  

I may have never pursued a Ph.D. if not for the influence of my first academic 

mentors, Dr. Frank Harris and Dr. John Sabin, of the Quantum Theory Project at the 

University of Florida. Dr. Harris and Dr. Sabin introduced me to research and helped me 

realize my academic potential. I am so grateful for our friendships and thankful for their 

influence. I must also thank the other faculty of the Quantum Theory Project for their 

fruitful conversations and unforgettable camaraderie both during and after my tenure at 

the University of Florida. 

Mr. David Whitney and Mr. Michael Rung provided helpful advice and technical 

support, and both have become good friends of mine. Our lunch outings will be missed, 

as will be my great roommate at the bi-annual American Concrete Institute conferences.  

Dr. Yangming Sun provided valuable suggestions regarding analytical techniques 

and, without hesitation, allowed me to modify his analytical equipment to better suit my 

research. 

Finally, I would be remiss to not thank Mr. Chance Kutac and Ms. Julia Rager, 

both undergraduate research assistants who spent endless days preparing fly ash samples 

for analysis. 



 vii 

Financial support for this research was provided through a National Science 

Foundation Graduate Research Fellowship and a generous grant from the International 

Center for Aggregates Research. 



 viii 

Characterization of Crystalline and Amorphous Phases and Respective 

Reactivities in a Class F Fly Ash 

 

 

Publication No._____________ 

 

 

Ryan Thomas Chancey, Ph.D. 

The University of Texas at Austin, 2008 

 

Co-Supervisors:  David W. Fowler, Maria C.G. Juenger 
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contents as determined by x-ray fluorescence spectroscopy. However, such analysis does 

not discern between relatively inert crystalline phases and highly reactive amorphous 
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developed to identify and quantify the amorphous phases present in the fly ash. High-

resolution spatial element maps are generated through intensive energy dispersive 

spectroscopy. The maps are statistically combined, phase boundaries are delineated, and 

relative phase fractions are determined through multispectral image analysis. 

Controlled leaching experiments have been performed to quantify the reactivity of 

the constituent phases in alkaline environments. Fly ash samples were subjected to 
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Chapter 1: Introduction 

 

1.1  STATEMENT OF OBJECTIVE 

Fly ash, a by-product of the coal combustion process, is used in a wide variety of 

engineering applications but is most commonly used as an addition to, or in replacement 

of, portland cement concrete (American Coal Ash Association 2003). To ensure 

production of quality concrete, its constituent materials must be properly characterized 

with respect to physical and chemical properties. Currently, fly ash is characterized based 

upon its bulk elemental composition, with little regard for the compounds resulting from 

the combination of such elements. Little is known regarding the reactivity of these 

compounds and phases present in fly ash. 

The objective of the current research is to refine microanalysis techniques, 

including Rietveld quantitative x-ray diffraction (RQXRD), scanning electron 

microscopy (SEM), energy dispersive spectroscopy (EDS), multispectral image analysis 

(MSIA), and inductively coupled plasma – optical emission spectroscopy (ICP-OES) to 

accurately characterize the crystalline and amorphous compounds present in fly ash and 

investigate their respective reactivity in an alkaline environment representative of 

concrete pore solution (Note: a list of acronyms and abbreviations used throughout this 

dissertation is presented in Appendix A). 

1.2   BACKGROUND 

1.2.1  Fly Ash Fundamentals 

Portland cement concrete is the most widely used construction material 

worldwide due to its economy, versatility, and the availability of its components. Of 
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course, the successful use of concrete in structural and architectural applications depends 

on proper consideration of its properties and the supply of a uniform, high quality 

product.  

Concrete is a heterogeneous material composed of a binding medium, aggregate 

particles, and admixtures. The binding medium is composed of a finely ground hydraulic 

cement which reacts with water to form a stable solid product which binds the aggregate 

particles together. Furthermore, chemical admixtures and/or supplementary cementitious 

materials (SCMs) are added to the concrete batch before or during mixing to alter the 

properties of both plastic and hardened concrete. Of these SCMs, pulverized coal 

combustion product, or fly ash, is among the most commonly used. 

Fly ash is the fine residue resulting from the combustion of pulverized coal in 

coal-fired electric and steam-generating plants. Coal is pulverized and injected under high 

pressure into the plant’s combustion chamber, where it ignites, generates heat, and 

produces a molten residue. Liquid-filled tubes extract heat from the boiler, 

simultaneously cooling the flue gas and causing the molten fuel residue to harden. While 

coarse residue particles, called “bottom ash,” fall to the bottom of the combustion 

chamber, the lighter fine ash particles, called “fly ash,” remain suspended in the flue gas. 

Prior to the release of the flue gas into the atmosphere, fly ash is removed from the gas 

using electrostatic precipitators or filter fabric baghouses. This ash is transported and 

stored as a coal combustion by-product. Generally, 60% to 90% of any fly ash is 

amorphous, or glassy, material, while crystalline material accounts for the difference 

(Mindess et al. 2003). 

Over 68 million tons of fly ash were produced in 2001 (American Coal Ash 

Association 2003). Approximately 22 million tons of fly ash are used annually in a 

variety of engineering applications, including cement and concrete, structural fills, 
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flowable fill, road base, waste stabilization, soil modification, and mining applications 

(American Coal Ash Association 2003).  

1.2.2  Benefits of Fly Ash 

The benefits of using concrete containing fly ash were realized in the 1940s and 

widespread use in pavements and structural members began in the 1950s (American Coal 

Ash Association 2003). In 1974 the Federal Highway Administration encouraged states 

to allow fly ash substitution for cement, and in January 1983 the Environmental 

Protection Agency published federal guidelines for the procurement and utilization of 

concrete containing fly ash (American Coal Ash Association 2003). Perhaps the most 

straightforward benefits of fly ash concrete are the economic and environmental 

advantages of using a waste material for building construction. As a waste material, 

excess fly ash must be disposed of in landfills. The use of fly ash in concrete not only 

partially replaces cement, the constituent which is most energy-intensive and therefore 

costly to produce, but also reduces the environmental and economic impacts of the coal 

by-product disposal. Fly ash utilization may also lead to increased durability of concrete 

pavements or structures, therefore reducing life-cycle cost. Typical concrete mix designs 

call for 20% to 40% of the cement to be replaced by fly ash.  

When properly incorporated into a concrete mix design, fly ash may improve 

properties of plastic concrete. The addition of fine particles improves workability of 

concrete. Spherical fly ash particles act as “ball bearings” to lubricate the concrete 

mixture and reduce frictional energy losses during mixing and pumping. A concrete made 

with 30% replacement of cement by fly ash may require 7% less water than a straight-

cement control mix of equivalent workability (Berry and Malhotra 1980). Fly ash also 

reduces the heat released by fresh concrete elements due to the hydraulic reaction 

between cement and water. By replacing the highly reactive cement with less reactive fly 
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ash, the concrete temperature may be reduced nearly proportionally to the amount of 

cement replaced (Mehta and Monteiro 1993). This reduced “heat of hydration” may 

prevent thermal cracking caused by high temperatures in mass concrete elements.  

Fly ash may increase the ultimate strength of and improve resistance to various 

manifestations of chemical attack in hardened concrete. Strength and durability of 

concrete are related to the amount of calcium-silicate-hydrate (C-S-H) present in the 

paste matrix. The calcium silicate cement phases react with water in the following 

manner (Note: this equation is not stoichiometrically balanced): 

C2S or C3S + H � C-S-H + CH1 

where C-S-H is a binder contributing to ultimate strength and durability and CH is a 

brittle, non-durable, product which may reduce the strength of concrete (Note: a list of 

cement chemistry notations used throughout this dissertation is presented in Appendix 

A). When fly ash replaces a portion of cement in the mixture, the following secondary 

reaction takes place, replacing CH with more beneficial C-S-H: 

CH + S � C-S-H 

This microstructure modification results in an increased ratio of C-S-H to CH, 

thereby strengthening the binding matrix. While the early rate of strength gain of concrete 

containing fly ash is noticeably less than that of concrete without fly ash, a concrete made 

with 30% fly ash replacement may exhibit 56-day strengths exceeding 125% of the 

control mixture (Mindess et al. 2003).  

Furthermore, fly ash may increase the durability of concrete by mitigating alkali-

aggregate reactions and sulfate attack. By also reacting with available alkali-hydroxides 

in concrete, fly ash reduces the alkali-hydroxides available to react with certain 

aggregates to form expansive alkali-silica gel and lowers the pH of the concrete pore 

                                                 

1 C = CaO, S = SiO2, A = Al2O3, F = Fe2O3, H = H2O, S = SO3 
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solution. Such matrix modifications may result in significant reduction in concrete 

expansion, as determined by the ASTM C 1293 method (ASTM Standard C 1293 2006; 

Shehata and Thomas 2000). Fly ash may improve the sulfate resistance of concrete by 

reducing permeability, therefore inhibiting the intrusion of external sulfates, which may 

react with available aluminates to form ettringite, a potentially expansive reaction. Fly 

ash replacement may reduce the amount of reactive aluminate in concrete by partially 

replacing reactive tricalcium aluminate contained in cement, further reducing the 

propensity for ettringite formation. In long-term expansion tests, concrete specimens 

made with 25% to 42% fly ash replacement exhibited significantly less expansion than 

the control specimens (Montiero and Kurtis 2003).  

1.2.3  Standard Method of Fly Ash Classification 

The American Society for Testing and Materials (ASTM) Committee C09, 

Concrete, has developed chemical and physical specifications for fly ash to be used in 

concrete. ASTM C 618 defines two classes of fly ash based upon chemical and physical 

characteristics (ASTM Standard C 618 2005). The chemical characterization is based 

upon bulk oxide content commonly obtained through x-ray fluorescence (XRF) analysis. 

ASTM C 618 “Class F” fly ash must contain a sum of SiO2, Al2O3, and Fe2O3 contents 

equal to or greater than 70% by mass, while “Class C” fly ash must contain a sum of the 

same constituents equal to or greater than 50% by mass. Both classes must contain SO3 

content equal to or less than 5%, and available alkalis less than or equal to 1.5%.  

The chief defined difference between Class F and Class C fly ash is the sum of 

SiO2, Al2O3, and Fe2O3 content in the ash. However, the classes are commonly 

distinguished based solely upon CaO content. The total CaO content of a Class F fly ash 

may approach 20%, while Class C fly ash may contain CaO contents as high as 30 to 

40% (McKerall et al. 1982). The increased CaO content in Class C fly ashes may be 
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attributed to the presence of lime, crystalline tricalcium aluminate, belite, and/or alite. 

Finally, the amount of alkalis (sodium and potassium) and sulfates (SO4) are generally 

higher in Class C fly ashes than in Class F fly ashes. 

1.3   THE VIRTUAL CEMENT AND CONCRETE TESTING LABORATORY 

The “Virtual Cement and Concrete Testing Laboratory” (VCCTL) is a National 

Institute of Standards and Technology (NIST) and industry consortium established in 

2001, with the goal of developing a virtual testing system for designing and testing 

cement based materials that accurately predict durability and service life based on 

detailed knowledge of starting materials, curing conditions, and environmental factors 

(Garboczi et al. 2004). This approach will ideally reduce the number of costly and time-

consuming physical concrete tests, expedite the research and development process, and 

optimize materials design, all leading to cost savings for the producer, researcher, and 

end-user alike.  

The consortium is actively developing a software package of models that predict 

various concrete properties. Included are programs for simulating cement hydration and 

building three-dimensional cement paste microstructures, assembling three-dimensional 

concrete microstructures using model aggregates, analyzing microstructures using 

percolation concepts and computing thermal, electrical, diffusion, and mechanical 

properties using various algorithms (Bullard et al. 2004). Ongoing research is carried out 

in the areas of comprehensive characterization of materials and the experimental 

measurement and computer modeling of rheological properties.  

Currently, the VCCTL predicts cementitious material hydration by modeling the 

dissolution of reactants in an alkaline pore solution, the diffusivity of the constituents 

within the pore solution, and the reactions of the constituents with one another. The 
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collisions between the constituent agents are governed by “reaction rules” which are a 

function of the chemistry of the reactants (Bentz 1997).  

To date, a series of fly ashes has been analyzed to distinguish the major phases 

present and computational programs have been developed for distributing the cement and  

ash phases amongst three-dimensional particles (Bentz and Rémond 1997). Based upon 

such analysis, fly ashes are separated into the following phases: silica (SiO2), 

aluminosilicate (SiAl2O5), calcium chloride (CaCl2), anhydrite (CaSO4), calcium 

aluminosilicate (CaSi2Al2O8), tricalcium aluminate (Ca3Al2O6), and inert (other) material 

(Bentz and Rémond 1997). Reaction rules have been established for these materials in 

addition to the phases of ordinary portland cement. However, the composition of fly ash 

proves far more complex than the six compounds listed and further research is necessary 

to properly characterize the reactants (Bentz and Rémond 1997).  

1.4   DEFINITION OF PROBLEMS/QUESTIONS 

1.4.1  Characterization of Crystalline Phases in Fly Ash 

The qualitative mineralogy of crystalline material in fly ash is well-documented 

(McCarthy 1988; McCarthy et al. 1988; McCarthy et al. 1984). Efforts  to quantify both 

the proportion of total crystalline phases to total amorphous phases and the relative 

proportions of the individual crystalline phases have proven this a non-trivial task; 

however reasonable results have been produced (McCarthy 1988; Ward and French 2005; 

Ward and French 2006).  Recent advances in analytical methods in powder diffraction to 

decompose multi-phase diffraction data have enabled more precise quantitative analysis 

of multi-phase crystalline systems than previously possible. Application of such 

methodology to analysis of crystalline phases in fly ash has been limited due to 
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difficulties related to the measurement of phase pattern intensities and decomposition of 

multi-phase diffraction patterns. 

1.4.2  Characterization of Amorphous Phases in Fly Ash 

The presence of amorphous material in fly ash was recognized in the 1950s and 

1960s; however, chemical characterization of these phases was not attempted until the 

late 1980s (Hemmings and Berry 1988b). Due to their structurally disordered nature, 

proper characterization of amorphous solids often proves more tedious than 

characterization of their crystalline counterparts. Most often, characterization of the 

amorphous fraction of fly ash is carried out on the bulk scale, yielding valuable 

information regarding the chemistry of the amorphous fraction as a whole, but offering 

little information regarding the heterogeneity of the amorphous fraction and 

characteristics of the discrete amorphous phases which exist.  

1.4.3  Fly Ash Constituent Phase Reactivity in an Alkaline Environment 

Most crystalline phases in low-calcium fly ashes are thought to be inert and thus 

non-reactive in an aqueous alkaline environment. Contrarily, some crystalline phases 

occurring exclusively in high-calcium fly ashes are known to be quite reactive in such an 

environment. Reports of rigorous quantification of the behavior of such phases are rare. 

The bulk amorphous fraction is thought to be more highly reactive in an alkaline 

environment than the bulk crystalline fraction; however, the identity and reactivity of 

each of the amorphous phases is not known. 

1.5   ORGANIZATION OF DISSERTATION 

This dissertation is divided into seven chapters, including this Introduction. A 

primer on analytical chemistry methods not typically used by civil engineers is presented 

in Chapter 2. The results of a literature survey on fly ash composition and methods of 
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characterization are presented in Chapter 3. Chapter 4 explains in detail the experimental 

methods, procedures, and analytical tools developed and used to gather and process data 

pertaining to characterization of fly ash. The results of the experimental investigation are 

presented and discussed in Chapter 5. Two case studies are presented in Chapter 6, 

demonstrating the broad applicability of the experimental methods described herein to 

other micro-scale concrete-making materials. Finally, Chapter 7 presents a summary of 

the research, conclusions drawn therefrom, implications of the research, and 

recommendations for future related research. 
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Chapter 2: Analytical Methods - A Primer 

 
2.1   INTRODUCTION 

The research presented in this dissertation makes use of analytical techniques 

commonly applied in analytical chemistry, materials science, geology, and remote 

sensing. However, these techniques may be unfamiliar to the civil engineer. As such, a 

brief introduction to each method is presented in this chapter and references to detailed 

information are provided.  

2.2   X-RAY POWDER DIFFRACTION 

 
X-ray powder diffraction techniques are used to characterize the crystalline 

structure and chemical composition of polycrystalline, powdered samples. When x-

radiation passes through a sample of matter, the radiation interacts with the atoms of the 

matter and scatters. When x-rays are scattered by an ordered environment, such as that of 

a crystal, constructive and destructive interference occur among the scattered x-rays 

because the distances between the scattering points are of the same order of magnitude as 

the wavelength of the radiation. This constructive interference is termed diffraction. 

Structural and compositional information may be determined from the intensity of the 

scattered x-rays as a function of their incident and scattered angles, polarization, and 

wavelength. X-ray diffraction is one of few analysis techniques which yields direct 

information regarding the phases present in a sample. 
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In laboratory x-ray diffraction equipment, x-rays are generated when a focused 

electron beam accelerated across a high voltage field bombards a solid target. As 

electrons collide with atoms in the target and slow down, a continuous spectrum of x-rays 

is emitted as well as x-rays characteristic of the target. These x-rays are collimated into a 

beam using a series of narrow slits through which they pass. When the x-ray beam strikes 

the sample surface at an angle, θ, a portion of the beam is scattered by the atoms at the 

surface of the sample. The portion of the beam which is not scattered penetrates to the 

second layer of atoms where again a fraction is scattered. This process continues as 

unscattered x-rays pass deeper into the sample until all incident x-rays are scattered. The 

scattered x-rays are diffracted by the sample and the intensity of these diffracted x-rays is 

measured using an x-ray detector.  

X-rays may interfere with each other after they are diffracted by the sample, 

causing variations in detected intensity as a function of the incident angle of the x-rays. A 

diffractogram, such as that shown in Figure 2.1, is produced by simultaneously varying 

the incident and diffracted angles of the x-ray beam, plotting the detected intensity as a 

function of this angle. The separation of scattering centers, d, measured perpendicular 

from the crystal surfaces within the sample may be determined using Bragg’s Law: 

 2 sinn dλ θ=  (1.1) 

where n  is an integer, λ  is the radiation wavelength, and θ is the incident angle, 

measured from grazing incidence (Note: a list of mathematical notations used throughout 

this dissertation is provided in Appendix A). These inter-atomic distances and relative 
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intensities may be compared to reported values for crystalline materials to yield 

information regarding the mineralogical composition of the sample. 

 

Figure 2.1 X-ray Diffractogram of a Class F Fly Ash, TiO2 Internal Standard Added  

 

Typically, diffractograms are used for qualitative analysis and identification of 

crystalline phases within a sample. However, methods exist for analysis of diffraction 

data which yield quantitative information about these compounds. The “internal 

standard” method of quantitative analysis utilizes a carefully measured addition, or spike, 

of a known standard material to which the intensities of the sample constituents may be 

compared. The intensities of the constituent peaks are normalized to the intensities of the 

reference standard peaks, providing a rough estimate of the constituent proportions. A 

more complex adaptation of the internal standard method, called the “reference intensity 

ratio” method, may also be applied for quantitative analysis (Klug and Alexander 1974).  

Both of the aforementioned quantitative analysis techniques must be carried out 

individually for each crystalline component present in the sample. 
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Problems arise for quantitative analysis due to “peak overlap,” where diffraction 

peaks of two or more phases overlap one another. Such overlap renders traditional 

reference intensity ratio methods of quantification difficult or impossible. Thanks to 

Rietveld (1969), these effects may be minimized through a non-linear least-squares curve 

fitting technique whereby a theoretical diffraction pattern is calculated based upon 

reported crystal structure data. This calculated pattern is parametrically fit, or refined, to 

the experimental pattern, and the observed peak intensities are normalized to the 

theoretically predicted peak intensities. The Rietveld analysis method may reduce error 

from peak overlap and allows for quantification of complex, multi-phase systems.  

The reader is referred to (Cullity 1978; Moore and Reynolds 1997; Young 1993) 

for more detailed information regarding x-ray diffraction and the Rietveld method of 

quantitative analysis. For information regarding the application of the x-ray diffraction 

and the Rietveld method to cementitious systems, the reader is referred to (Roode-

Gutzmer and Ballim 2001; Stutzman and Leigh 2007). 

2.3   SCANNING ELECTRON MICROSCOPY 

 
The scanning electron microscope (SEM) permits observation of heterogeneous 

organic and inorganic materials on a nanometer (nm) to micrometer (µm) scale and 

allows for elemental analysis of such materials on a micrometer scale. Since its inception 

in the mid 1960’s, the SEM’s popularity as a research tool in both academic and 

industrial arenas has grown appreciably. 

In the SEM, the area or volume to be analyzed is irradiated with a finely focused 

electron beam which may be swept in a grid pattern across a sample surface or fixed at a 
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point to obtain static analysis. The electron gun generates and accelerates electrons to an 

energy usually in the range of 100 electron volts (eV) to 30000eV (0.1keV to 30keV). As 

the electrons leave the gun and pass through the column on their way to the sample, 

electrostatic and magnetic lenses de-magnify and focus the electrons into a focused 

electron beam with a diameter as small as 10nm. Finally, the beam emerges from the 

column and lenses into the specimen chamber and interacts with a teardrop-shaped 

volume of the specimen to a depth of approximately 1µm. The electronics of the detector 

system then convert the signals to point-specific intensities on the viewing screen, 

producing an image. The three main signals of interest are secondary electrons, 

backscattered electrons, and characteristic x-rays. These signals are collected from 

specific “interaction volumes” within the sample and can be used to characterize the 

sample with respect to morphology and composition.  

Secondary electron signals are useful for determining differences in surface 

topography. Secondary electrons are produced as a result of the interaction between high-

energy beam electrons colliding with conduction, or valence, electrons in the sample. The 

collision of the electron beam with these weakly bound electrons causes the latter to be 

repelled from the atoms and ejected from the sample surface. A positively charged 

detector attracts the low-energy ejected electrons and creates a signal with an intensity 

representative of the number of electrons collected. Topography detail results from the 

secondary electrons being intercepted by intermediary parts of the specimen as they are 

drawn toward the detector.  Surfaces facing the detector are generally brighter because of 

the clear line-of-sight.  As the electron beam scans the sample surface, an image is 

created with the intensity of each pixel relative to the intensity of the secondary electron 
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signal at each point over the sample surface. An example of a secondary electron image is 

shown in Figure 2.2. 

 

Figure 2.2 Secondary Electron Image of a Rough-polished Cross Section of Fly Ash 
Embedded in Epoxy. Field Width: 25 µm. 

 

Backscattered electron signals are most commonly used for determining spatial 

differences in sample composition, although they may also yield topographical 

information. Backscattered electrons consist of high-energy electrons originating in the 

electron beam that are reflected, or backscattered, out of the specimen interaction 

volume. A detector attracts the electrons and creates a signal with an intensity 

representative of the number of electrons collected. At a given beam energy, the amount 

of backscattered electrons increases with increasing atomic number. As the electron beam 

scans the sample surface, an image is created with the intensity of each pixel relative to 
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the intensity of the backscattered electron signal at each point over the sample surface. 

Brighter pixels indicate phases with higher average atomic numbers. The resulting image 

shows compositional differences over the sample surface, but does not yield direct 

information regarding actual elemental composition. An example of a backscattered 

electron image is shown in Figure 2.3. 

 

Figure 2.3 Backscattered Electron Image of a Polished Cross Section of Fly Ash 
Embedded in Epoxy. Field Width: 200 µm. 

 

The SEM can be used to determine direct compositional information about a 

sample through use of energy dispersive spectrometry (EDS). The electron beam 

generates x-ray photons in the interaction volume beneath the sample surface. These 

characteristic x-rays have energies specific to the elements within the interaction volume. 
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As the beam interacts with the inner shell electrons of a specimen atom, electron 

collisions cause these tightly-bound electrons to eject from their shell. The affected atom 

is left as an ion without the inner shell electron and in an excited energetic state, having 

lost the binding energy of the ejected atom. The atom then relaxes to its ground (lowest-

energy) state through transitions of outer shell electrons to fill the inner shell vacancy.  

The energy difference between the electron shells has a unique value for every element. 

Through the characteristic x-ray process, this difference in energy is released as a photon 

of electromagnetic radiation with a sharply defined energy. The EDS detects these 

photons and correlates their respective energies with the elements from which they were 

emitted.  

The EDS may be used in “spot mode” to statically analyze a single point on the 

sample, or may be used to scan the surface to create a spatial map of elemental 

distribution over the sample surface. It should be noted that EDS spatial maps are created 

for each element separately, and do not yield information regarding the combination of 

these elements in compounds. An example of elemental map of silicon is shown in Figure 

2.4. The brightness of each pixel is proportional to the intensity of the collected x-rays 

from each point on the sample surface.  
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Figure 2.4 Characteristic X-ray Element Map of Silicon in a Polished Cross Section of 
Fly Ash Embedded in Epoxy. Field Width: 200 µm. 

 

The reader is referred to (Goldstein 2003) for more detailed information regarding 

scanning electron microscopy and x-ray microanalysis. 

2.4   MULTISPECTRAL IMAGE ANALYSIS 

 
A multispectral image is a collection of several monochrome images of the same 

field, each representing unique data regarding that field. Multispectral imaging was 

spawned by the space age and the need to process complex satellite imagery. Many 

satellites produce multispectral data by measuring different wavelengths of energy 

emitted by a given area on the Earth’s surface. Data from each wavelength range are 



 19 

converted to an image unique to that range, or band. These individual bands may then be 

linked to form composite, multispectral images which may be viewed by assigning a 

unique color to each band in the final image. These composite images result in color 

patterns that can be used to identify surface features. Multispectral imaging has broad 

applications for quantitative remote sensing in agricultural, commercial, and 

governmental arenas. Thus, powerful computer programs are readily available for display 

and analysis of multispectral data.  

Typically, multispectral imaging is used for land resource management, as 

complex aerial remote sensing data may be efficiently manipulated to yield detailed 

information regarding terrain, soil type, and vegetation, among others. For these 

purposes, data are collected from different sensors for a broad range of spectra, including 

visible light, infrared, ultraviolet, and thermal spectra. Lydon (2005) suggested that 

multispectral image analysis may be used for investigation of rock mineralogy by 

statistically analyzing a matrix of grayscale vales formed by a series of overlaid x-ray 

maps obtained through EDS. In this case, each “spectrum” is x-ray data for an element 

analyzed through EDS. By combining information collected for individual elements, one 

can investigate the compounds to which these elements belong and quantify their 

respective proportions.  

High-resolution x-ray images, useful for quantitative image analysis, may be 

produced through careful SEM imaging. Images must be produced such that all pixel 

values (0-255) in each element image are scaled in linear proportion to their respective x-

ray counts. These individual x-ray images, or channels, are mathematically linked into 

one multispectral image representing all channels. The image is then divided into areas of 
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similar multi-channel characteristics either by mathematical cluster analysis and/or user-

defined training sets. The mathematical clustering algorithms assist the researcher in 

determining the number of mutually exclusive, discernable fields in an image, each 

representing a unique combination of elements, or compound. The user-defined analysis 

allows the researcher to define each of these mutually exclusive fields by designating 

“samples” of each within the image. Following initial clustering and training, the image 

is mathematically segmented into each of the user-defined fields, and statistics are 

calculated for the relative proportion of each field and the error associated with the 

analysis.  

The reader is referred to Landgrebe (2003) and Lydon (2005) for more detailed 

information regarding multispectral image analysis. 

2.5   INDUCTIVELY COUPLED PLASMA – OPTICAL EMISSION SPECTROSCOPY 

 
Inductively coupled plasma – optical emission spectroscopy (ICP-OES) belongs 

to the atomic emission spectroscopy (AES) family of elemental analysis techniques, and 

may be used for the determination and quantification of over 70 elements. This versatility 

lends to common use of ICP-OES in environmental, biological, geological, and 

agricultural laboratories.  

An optical emission spectrometer features an atomizer to disperse a solution then, 

using a plasma torch, excites a fraction of the ions in solution to higher electronic states. 

As these excited atoms and ions relax to lower, more stable energy states, ultraviolet and 

visible line radiation are emitted which are characteristic of the atoms and ions from 

which they were emitted.  
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In the case of ICP-OES, argon plasma, an extremely hot gas with a temperature 

up to 10,000K, is formed within a fluctuating magnetic field. The sample, usually 

dissolved or suspended in an aqueous or organic liquid, is then transported to the plasma 

through a high-velocity atomizer. The atomizer also serves to break up liquid samples 

into fine droplets of various sizes before introducing them into the plasma. Sample atoms 

remain in the plasma for approximately 2ms before reaching the observation point. 

During this residence time, the atoms experience temperatures ranging from 5500K to 

8000K, two to three times greater than the hottest combustion flames. At the observation 

point, the atoms rapidly cool and emit radiation which is detected by the spectrometer, 

which measures the wavelength and intensity of radiation emitted from the component of 

interest, or analyte.  

In ICP-OES a linear relationship exists between the intensity of emitted radiation 

at a given wavelength and the atomic concentration of the sample from which the 

radiation was emitted. However, this intensity concentration function depends on a 

number of parameters which must be empirically determined through calibration with 

known standards. Following proper calibration, sample concentration may be determined 

using the aforementioned correlation function. Emission spectra from plasma sources are 

complex and are comprised of hundreds or thousands of characteristic wavelengths, or 

lines, which increases the probability of spectral interferences in quantitative analysis. 

Thus, consideration must be given to elements other than the analyte present in a sample, 

and possible interference from radiation emitted from those elements. 

Since all elements are excited to emit light simultaneously, ICP-OES may be used 

to determine the concentrations of multiple elements in one step, expediting the analysis 
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process. ICP-OES has a very large detection range, up to six orders of magnitude of ionic 

concentration, further simplifying analysis of multi-element solutions. Concentrations as 

low as 1-10 parts per billion (ppb) may be detected for most elements.  

The reader is referred to Nölte (2003) and Skoog et al. (2007) for more detailed 

information regarding ICP-OES.  
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Chapter 3: Literature Review 

3.1    INTRODUCTION 

A review of literature pertaining to this research is presented in this chapter. A 

discussion of fly ash composition is presented, including a primer on the structure of and 

differences between crystalline and amorphous solids. Crystalline phases commonly 

occurring in fly ash are briefly described and the complexities of the amorphous material 

composition are outlined. Efforts to characterize both crystalline and amorphous material 

in fly ash are summarized and analytical techniques used therein are described. Finally, 

some limitations of the previous research are discussed. 

3.2   FLY ASH COMPOSITION 

3.2.1  Crystalline and Amorphous Solids 

 
Solid materials exist as either crystalline solids or amorphous solids, distinguished 

by the degree of geometric order of the constituent molecules. When a repeated 

arrangement of atoms extends throughout the entirety of a specimen without interruption, 

the result is a crystal. If a single crystal is permitted to grow without any external 

constraint, the crystal will assume a regular geometric shape with flat surfaces. However, 

most crystalline solids are composed of many small crystals and are called polycrystalline 

(Callister 2003). Crystalline solids are arranged in fixed molecular patterns, or lattices, 

and thus exhibit a high degree of structural order.  

Solids that lack such systematic structural arrangement are called amorphous, 

meaning “without form.” These materials may also be called supercooled liquids, as their 
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atomic structure is similar to that of a liquid (Callister 2003). As a solid is heated, its 

ordered molecular lattice elements vibrate with increasing frequency until the melting 

point of the material is reached. At this transition from the solid to the liquid phase, atoms 

no longer return to their original bonding sites, and the lattice begins to collapse 

(Pietersen 1993). At the melting point, both the liquid phase and solid phase exist in 

equilibrium. As heating continues past the melting point the internal energy of the solid 

phases increases, resulting in a completely molten material: a liquid. 

During cooling, the material begins to re-solidify as the internal energy of the 

material decreases. When atoms no longer respond to stress by geometric rearrangement, 

a solid is formed. According to thermodynamic rules, such a system will always tend 

toward its lowest free energy state: a crystal. This re-crystallization takes place if the 

cooling liquid spends a sufficient amount of time in the transition temperature range 

conducive to nucleation and growth of crystals. However, this equilibrium process may 

be interrupted if the melt cools rapidly enough to prohibit the proper re-ordering of the 

molecular structure, resulting in a non-crystalline, or amorphous, material (Pietersen 

1993). As crystalline materials usually exist in a low energy state, they tend to exhibit 

lower solubility and reactivity than higher energy state amorphous materials of the same 

elemental composition (Pietersen 1993). A graphical representation of both the 

crystalline and amorphous morphology of silica (SiO2) is shown in Figure 3.1a, b. Note 

the repeating molecular pattern of the crystalline structure and the random, disordered 

pattern of the amorphous structure.  
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Figure 3.1 2-dimensional Representation of (a.) Crystalline and (b.) Amorphous Silica.  

3.3.2  Coal Mineralogy 

 
The majority of minerals in coals belong to one of five groups: aluminosilicate 

clays, carbonates, sulfides, chlorides, and silicates (Hemmings and Berry 1988). As coal 

is an inherently heterogeneous raw material, so is its combustion by-product, fly ash. As 

solid coal is heated in a furnace at operating temperatures of 1400ºC to 1600ºC, the clay 

minerals lose water and melt; the carbonates decompose to release CO2 and form CaO 

and MgO; the sulfides are oxidized to form metallic oxides and sulfite; chlorides volatize 

 
a. b. 
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- O 
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to form HCl and sulfates; and silica remains chemically unaltered by the high 

temperatures (Hemmings and Berry 1988).  

The furnace temperature significantly influences the properties of the fly ash, 

specifically the relative proportions of crystalline and amorphous material. The melting 

point of coal mineral constituents is determined by their respective compositions, 

especially by the amount of glass-modifying elements present. These elements, such as 

iron, calcium, sodium, and potassium, act as fluxing agents and facilitate the melting of 

the constituents at lower temperatures, resulting in higher proportions of amorphous 

material upon cooling. Due to melting and cooling of the coal minerals, new glassy and 

crystalline phases are formed in the fly ash, while some crystalline phases remain in their 

original state, as they never reached melting temperature. Generally, amorphous material 

accounts for 60% to 90% of bulk fly ash composition, while crystalline material accounts 

for the difference (Mindess et al. 2003). 

3.2.3  Variability in Fly Ash Composition 

 

Many variables affect the chemical composition, morphology, and relative phase 

proportions in fly ash. These variables include raw coal source, coal burning conditions, 

by-product collection method, and implementation of environmental hazard mitigation 

techniques.  

The chemical properties of fly ash are most greatly influenced by the mineralogy 

of the parent coal and the conditions under which the coal was burned. The proportion of 

amorphous material to crystalline material is determined largely by the same variables. 
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The melting points of the clay minerals in coal are determined largely by their chemical 

composition, especially by the amount of glass modifying elements present (Pietersen 

1993). These elements act as fluxing agents for the aluminosilicates (clay minerals), 

facilitating melting at somewhat lower temperatures. Coal minerals with larger 

concentrations of these fluxing agents will form a relatively larger amount of glass upon 

cooling than coal minerals with lower concentrations of the fluxing elements.  

Not only do the properties of fly ash vary between coal-fired power plants 

burning different coals, they may also vary over time within a single plant burning 

different coals, or even within a single plant burning the same coal, but under different 

conditions. Schlorholtz et al. (1987) monitored the physical and chemical properties of 

fly ash produced at one electric generating station over a period of two years. The bulk 

chemical compositions of the ash samples did not differ greatly over the sampling period; 

however drastic differences in physical performance were observed. Hydrated specimens 

of fly ashes sampled at different dates yielded vastly different compressive strengths. 

These differences were assumed to be a function of phase mineralogy. In general, bulk 

chemical composition often differs from one ash to another, as do the composition and 

proportion of each of the amorphous and crystalline phases.  

Hemmings and Berry (1988a) have compiled the following list of conclusions drawn 

through careful microanalytical research regarding the constituents of fly ash: 

• Fly ash is chemically heterogeneous from the macro-, through the micro-, to the 

nano-structural level. 
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• Inter-particle differences are seen in density, mineralogy, and chemical 

composition. 

• Particles may be separated into relatively homogenous groups, most notably by 

true-particle density. 

• The calculated glass compositions lie on a locus from the principal modifying 

oxide to the composition of typical clay minerals. 

• Evidence suggests that individual particles are heterogeneous in both 

composition and structure. 

• Evidence suggests the presence of different aluminosilicate glasses co-existing 

over a wide range of compositions. 

3.2.4  Fly Ash Chemical Classification 

 
Distinct trends have been noticed in the relationship between the bulk CaO 

content and the mineralogy of fly ash. Such trends have been expressed based upon a 

classification of fly ash into three groups, depending on bulk CaO content as determined 

by x-ray fluorescence (XRF) spectroscopy. Low-calcium fly ashes contain less than 10% 

CaO, intermediate-calcium fly ashes contain from 10% to 19.9% CaO, and high-calcium 

fly ashes contain more than 20% CaO (McCarthy et al. 1989).  

3.2.5  Crystalline Phases in Fly Ash 

 

  Fly ash typically contains a number of distinct crystalline phases which comprise 

the bulk crystalline fraction. A few of these phases occur in ashes belonging to all three 
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predefined classes; however, most occur in only one or two. The most commonly 

occurring crystalline phases will be discussed. 

3.2.5.1  Quartz 

 
Nearly all fly ashes contain crystalline silica (SiO2), or quartz, with proportions 

ranging from 2% to 25% by mass (McCarthy et al. 1989). Quartz is the only crystalline 

phase in fly ash which occurs largely chemically un-modified from its original state in the 

parent coal. It is estimated that only 75% of quartz reaches melting temperature in the 

furnace, and the resident time of the remaining crystalline quartz in the furnace is likely 

too short to convert it into the high-temperature polymorphs tridymite and cristobalite 

(Pietersen 1993). It should be noted that in some fly ashes, nearly half of the analytically 

determined SiO2 content of a fly ash may occur as quartz (McCarthy et al. 1989).  

3.2.5.2  Mullite 

 
Crystalline aluminosilicate occurs in nearly all fly ashes as mullite, but is about 

twice as abundant in low-calcium ashes as in high-calcium ashes. Mullite may comprise 

2% to 20% of the bulk crystalline fraction, by mass, and is the principal phase containing 

Al2O3 in low-calcium ashes. In fly ash, mullite is formed by direct crystallization of the 

molten coal as it cools in the furnace and passes through the flue. Bulk crystals of mullite 

have been observed in fly ash, along with smaller needles near particle surfaces 

(McCarthy et al. 1989). Mullite crystals may assume variable stoichiometries upon 

formation and approximately one-third of the bulk Al2O3 content of a fly ash may occur 

in these non-reactive crystalline phases. 
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3.2.5.3  Hematite and Ferrite Spinel 

 

Magnetic iron oxide also occurs in nearly all fly ashes. This phase often occurs as 

pure hematite (Fe2O3) or magnetite (Fe3O4); however, there is a tendency for substitution 

of Al, Mg, and Ti for the Fe in the spinel crystalline structure of the latter. Thus, these 

phases are commonly grouped into a phase termed “ferrite spinel.” One-third to one-half 

of the bulk iron content of a fly ash may occur as one of these non-reactive crystalline 

oxides, with the balance being distributed among the amorphous phases (McCarthy et al. 

1989).  

3.2.5.4  Anhydrite 

 

Calcium sulfate occurs commonly in high-calcium and intermediate-calcium fly 

ashes as crystalline anhydrite (CaSO4). This phase has also been observed in some low-

calcium fly ashes. Anhydrite forms from the reaction of CaO, SO2, and O2 in the furnace 

or flue, and its bulk proportion increases with increasing SO3 content of the ash. In most 

ashes, about half of the available SO3 is present as anhydrite, the balance occurring as the 

alkali sulfates Na2SO4 and K2SO4. Anhydrite participates readily in fly ash hydration 

with soluble aluminates to form calcium sulfoaluminate (Ca6Al2(SO4)3(OH)12·26(H2O)), 

or ettringite, contributing to the self-hardening properties of some fly ashes (McCarthy et 

al. 1989). 

 

 



 31 

3.2.5.5  Melilite, Merwinite, and Periclase 

 

Melilite, merwinite, and periclase are common in high-calcium and intermediate-

calcium fly ashes, and melilite and periclase occasionally occur in low-calcium fly ashes. 

All three of these phases appear to correlate with the MgO content of a fly ash. Melilite, a 

solid solution of akermanite (Ca2MgSi2O7) and gehlenite (Ca2Al2SiO7), and merwinite 

(Ca3Mg(SiO4)2) are thought to form by crystallization during cooling of molten residue. 

The mechanism of formation of periclase, crystalline MgO, is unclear. Periclase likely 

occurs due to its presence as magnesium carbonates in the parent coal and forms either by 

a reaction of Mg during combustion or by crystallization during cooling. Typically, 

approximately half of the bulk MgO content of a fly ash occurs as periclase; however it 

has been found that the periclase in fly ash does not expansively hydrate as it does in 

concrete (McCarthy et al. 1989).  

3.2.5.6  Tricalcium Aluminate 

 

Crystalline tricalcium aluminate (C3A) occurs in nearly all high-calcium fly ashes 

and in many intermediate-calcium fly ashes, but rarely occurs in low-calcium fly ashes. 

The C3A content of fly ash correlates nearly linearly with the CaO content, and is perhaps 

the most important mineralogical variable to consider. As C3A reacts with available 

sulfates, ettringite forms, causing both advantageous self-hardening reactions at early 

ages and deleterious expansions reactions involving reaction with available sulfates at 

later ages following hardening of concrete.  
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3.2.5.7  Lime 

 
Crystalline CaO, or lime, occurs in nearly all high-calcium fly ashes, most 

intermediate-calcium fly ashes, and some low-calcium fly ashes. However, only a small 

proportion of the bulk CaO content of a fly ash occurs as lime, which is highly reactive 

and is consumed early in the hydration process. In fact, some high-calcium fly ashes with 

high proportions of lime which were exposed to atmospheric moisture for several days 

showed signs of portlandite (Ca(OH)2) formation. Little has been reported regarding the 

formation mechanism of lime, but it has been shown that most of the bulk CaO in fly 

ashes occurrs as the result of decarbonation of calcite and calcium-magnesium 

carbonates.  (McCarthy et al. 1989).   

3.2.6  Amorphous Phases in Fly Ash 

 

When cooled rapidly, molten coal by-product forms solids in which the atoms do 

not achieve the degree of crystalline order that would develop at a slower rate of cooling. 

This process most notably affects the aluminosilicate minerals present in coal, which 

dissociate and form various amorphous phases upon cooling, including the abundant 

aluminosilicate glass. As much as 85% to 90% of the bulk amorphous fraction of a Class 

F fly ash may be composed of these aluminosilicates, which are generally considered to 

be the most reactive constituents of the material (Hemmings and Berry 1988a; Qian et al. 

1988a). Although amorphous material comprises the bulk of a fly ash, little has been 

reported with respect to the chemistry of the discrete amorphous phases. 
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Fly ash may contain pure aluminosilicate glass or any number of modified 

aluminosilicate glasses formed as a result of co-melting with other oxides, such as Al2O3, 

Na2O, K2O, CaO, Fe2O3, and MgO. This modification may occur as either a polymeric 

network former substitution or as a polymeric network modifier addition. In either case, 

to preserve electroneutrality during network modification, the Si-O-Si bonds break, 

resulting in two types of co-existing oxygen: bridging oxygen and non-bridging oxygen. 

Each of the former connects two Si tetrahedra in the polymeric network, while each of 

the latter terminates the network, resulting in a net negative charge. The excess negative 

charge of the non-bridging oxygen must be balanced by a cation. 

In the case of network substitution, some elements (Al, Fe, B, P, etc) are capable 

of replacing Si in the polymeric network. Figure 3.2 illustrates introducing trivalent 

aluminum (Al
3+

) into a network of tetravalent silicon (Si
4+

), resulting in a net negative 

charge which must be balanced by inclusion of a cation (M
+
).  
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Figure 3.2 Two-dimensional Representation of Polymeric Network Substitution of Al 
for Si. 

 
In the case of addition of a polymeric modifier (Na, K, Ca, Mg), the negatively 

charged non-bridging oxygens formed during network substitution or other preliminary 

depolymerization are balanced by inclusion of the modifier cation(s). Figure 3.3 shows a 

pure silica network undergoing modification by Na2O, resulting in fewer pure silicate 

oligomers and a high number of terminal non-bridging oxygen atoms. 
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Figure 3.3 Two-dimensional Representation of Polymeric Network Modifier Addition 
of Na. 

 

It can be seen that disorder in glass structure is a function of both network 

substitution and the depolymerization of networks by modifier addition (Hemmings and 

Berry 1988a). Both mechanisms of disorder affect free energy and reactivity, and both 

may be expected to occur in fly ash. Any number of modifications to the amorphous 

silicates and aluminosilicates may occur during heating and cooling, thus the glassy 

portion of any fly ash is highly heterogeneous, with compositional variability occurring 

both between phases and within phases. 
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3.3   CHARACTERIZATION OF CRYSTALLINE PHASES IN FLY ASH 

 
The crystalline phases of fly ash have been well characterized due to the 

simplicity of investigating materials with long-range molecular order. The vast majority 

of crystalline phase characterization has been carried out by x-ray diffraction; however, 

few studies have used vibrational spectroscopy and selective dissolution techniques 

(Hemmings and Berry 1988a; Scheetz and White 1985).  

Detailed qualitative x-ray diffraction studies have been carried out by McCarthy 

(1988), McCarthy et al. (1988; 1989), Hemmings et al. (1986; 1987), and Joshi et al. 

(1985; 1986), among others. These studies have identified the crystalline phases 

described in Section 3.2.4 over a wide range of fly ash samples and the x-ray diffraction 

technique has been optimized for the qualitative analysis of fly ash. Semi-quantitative 

methods, such as the reference-intensity-ratio method, have been applied to determine the 

relative proportions of each crystalline phase and the total bulk crystalline fraction 

(McCarthy et al. 1989). However, these methods are not ideal for analysis of largely 

amorphous materials such as fly ash. 

Recently, a rigorous quantitative approach to crystalline phase analysis has been 

applied through the Rietveld quantitative x-ray diffraction (RQXRD) method (Winburn 

1999). Although originally developed for quantitative analysis of systems with few 

phases, the Rietveld method has been optimized for quantification of the multiple 

crystalline phases in fly ash. This has been made possible due to thorough qualitative 

characterization of the types of minerals typically present in fly ash and advanced 

computational capabilities. The Rietveld approach and analysis protocols were 
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demonstrated through analysis of NIST standard reference materials (Winburn et al. 

2000a). 

Using the publicly available GSAS computer program (US Department of 

Energy) and a detailed analysis protocol, estimations of crystalline phase proportions 

were made for a variety of fly ashes and a database was compiled (Winburn et al. 1997). 

Furthermore, rigorous quantitative XRD studies have been conducted to investigate the 

relative proportion of pure iron oxide to the ferrite spinel phases present in fly ash 

(Winburn et al. 2000b). These experiments have shown that the ferrite spinel phase 

fractions determined by RQXRD were within 10% of the same fractions as determined 

by magnetic measurements. Since the ferrite spinel phase rarely exceeds 5% of the total 

fly ash mass, these results demonstrate that relatively precise estimations of minor 

constituent phase fractions may be carried out through RQXRD.   

3.4   CHARACTERIZATION OF AMORPHOUS PHASES IN FLY ASH 

 

Characterization of the amorphous phases of fly ash has proved challenging due 

to the absence of long-range molecular order. These problems have been approached with 

limited success using a number of analytical techniques, each with inherent strengths and 

limitations. Many of these techniques have been discussed at length and numerous 

references are provided in (Hemmings and Berry 1988a), including electron microscopy, 

x-ray diffraction, vibrational spectroscopy, gamma-ray spectroscopy, nuclear magnetic 

resonance spectroscopy, thermal analysis, and selective dissolution. These methods will 

be briefly summarized here.  
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3.4.1  Electron Microscopy and Energy Dispersive Spectroscopy 

 
Electron microscopy has been primarily used to characterize the morphology of 

fly ash; however, attempts have been made to roughly investigate bulk chemistry and 

chemical inhomogeneity. The scanning electron microscope (SEM) has been used to 

explore the morphology of the wide range of particle types present in fly ash, including 

unburnt carbon, solid ash particles, plerospheres, cenospheres, and crystalline material 

(Joshi et al. 1985; Qian et al. 1988b; Roy et al. 1985). In some cases, energy dispersive 

spectroscopy (EDS) has been used to determine the bulk chemistry of a fly ash, but is 

more often used to investigate interparticle and intraparticle chemical differences through 

x-ray element mapping (Joshi et al. 1985; Qian and Glasser 1987; Stevenson and Huber 

1987; Williams et al. 2005). Stutzman (2004) has developed and refined electron 

microscopy and image analysis techniques for investigation of hydraulic cement 

microstructure. Such techniques may also be applicable to characterization of fly ashes. 

Transmission electron microscopy (TEM) has been used to examine microstructural 

inhomogeniety and phase separation on the micrometer and nanometer level (Pietersen 

1993; Qian et al. 1988a). These techniques have provided little direct information about 

the chemistry of the glass phases in fly ash (Hemmings and Berry 1988a). 

3.4.2  X-Ray Diffraction 

 

X-ray diffraction (XRD) has been widely used to quantitatively investigate the 

proportion of amorphous material to crystalline material in fly ash (Ward and French 

2006). Although the x-ray diffraction technique is traditionally used for the mineralogical 
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characterization of highly crystalline materials, some trends have been observed between 

diffraction data and the bulk amorphous chemistry. Most notably, Diamond (1983) 

reported a relationship between the location of the broad diffraction “halo,” usually 

occurring between 22° and 35° 2θ, and the bulk CaO content of fly ash. A strict 

correlation has not been found; however, these findings suggest that x-ray diffraction 

may be sensitive to the bulk chemistry of fly ash.   

3.4.3  Vibrational Spectroscopy 

 

Vibrational spectroscopy techniques have been used to explore the short-range 

order of the amorphous material in fly ash. While XRD is best suited for investigation of 

long-range, crystalline order, infrared and Raman vibrational spectroscopy techniques are 

better suited for exploration of short-range order and atomic structure.  

Infrared spectroscopy exploits the fact that molecules have specific frequencies at 

which they rotate or vibrate. The infrared or Raman spectra of a sample is collected by 

passing a beam of infrared or visible near-infrared light, respectively, through the sample. 

Examination of the transmitted light reveals how much energy was absorbed at each 

wavelength. From this, a transmittance or absorbance spectrum can be produced, showing 

which wavelengths of light the sample absorbs. Analysis of the vibrational and rotational 

characteristics of inter-atomic bond distances and bond angles yields information 

regarding the structure of the disordered amorphous material (Skoog et al. 2007). These 

methods may be used to explore elements and compounds alike, and have been used to 
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investigate crystalline and amorphous material in fly ash (Hemmings and Berry 1988a; 

Scheetz and White 1985). 

3.4.4  Gamma-Ray Spectroscopy 

 

Gamma-ray, or Mössbauer, spectroscopy is a radiochemical method of 

microanalysis which has been used to explore the amorphous phases in fly ash. First, the 

sample is irradiated. The energy of the subsequent radioactive emissions is then 

measured, along with the emitted intensity at each respective energy, creating a spectrum 

which is unique to the elements present in the sample (Gilmore and Hemingway 1995). 

This method has widespread applicability, as it can identify multiple elements at once 

(Skoog et al. 2007). Few studies have been reported pertaining to fly ash; however some 

exploration into the presence of iron in the amorphous phases has been accomplished 

(Hemmings and Berry 1988a). Determination of relative abundance and combination of 

elements into compounds using this method may prove challenging.  

3.4.5  Nuclear Magnetic Resonance Spectroscopy 

 

Nuclear magnetic resonance (NMR) is a physical phenomenon based upon the 

quantum mechanical magnetic properties of an atom's nucleus, and commonly refers to a 

family of scientific methods that exploit nuclear magnetic resonance to study molecules. 

NMR spectroscopy is commonly used to obtain physical, chemical, and structural 

information about molecules (Akitt and Mann 2000). The technique is particularly useful 
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for investigation of molecular structure, including the degree of glass polymerization in 

fly ash (Hemmings and Berry 1988a).  

All nuclei that contain odd numbers of protons or neutrons have an intrinsic 

magnetic moment and angular momentum. NMR studies magnetic nuclei by aligning 

them with a magnetic field and perturbing this alignment using an alternating electric 

field (Skoog et al. 2007). It is a powerful technique that can provide detailed information 

on the topology, dynamics and three-dimensional structure of molecules in solution and 

the solid state, and thus has broad implications for investigating the amorphous structure 

of fly ash. NMR has been used to study the calcium-silicon-aluminum glasses common to 

fly ash, and interesting conclusions have been drawn regarding the structure and degree 

of polymerization of these glasses (Hemmings and Berry 1988a). 

3.4.6  Differential Thermal Analysis 

 

Differential thermal analysis (DTA) measures the temperature difference between 

a substance and a reference material as each are subjected to a controlled temperature 

program, such as periodic heating and cooling (Skoog et al. 2007). DTA is widely used to 

study thermal transitions within polymers, including fly ash. Since fly ash particles result 

from the heating and cooling of minerals in coal, the particles reflect the history of the 

thermal conditions to which the particles have been exposed. Reheating, remelting, and 

cooling the particles, along with DTA, can be used to investigate their thermal history, 

particularly the temperatures at which devitrification of amorphous phases occur and 

reorganization into crystalline equilibrium states takes place (Hemmings and Berry 
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1988a). This has been used to study the amorphous components through forcing 

devitrification and crystallization. However, DTA is considered a qualitative technique as 

it measures the temperatures at which these changes occur, but not the energy associated 

with each change (Skoog et al. 2007). DTA may also be useful to confirm compositional 

estimates of glass constituents obtained through other analysis methods, such as XRD 

(Hemmings and Berry 1988a). 

3.4.7  Selective Dissolution 

 

Selective dissolution is a chemical technique used to provide information 

regarding glass content, glass composition, and the interior structure of fly ash particles. 

This technique involves selective dissolution of the glass phases from the crystalline 

phases using dilute acids or bases. Hydrofluoric, acetic, and oxalic acids have been used 

for this dissolution, and are assumed to not dissolve or otherwise affect the crystalline 

phases (Hemmings and Berry 1988a). Alkaline solutions, such as 0.5M NaOH, have also 

been used for dissolution studies on fly ash, and may prove more appropriate than acidic 

solutions since fly ash is subjected to a harsh alkaline environment in concrete (Pietersen 

1993). 

Following dissolution, the mass change of the sample is used to determine the 

amount of amorphous material originally present. The supernatant liquid may be 

analyzed using spectroscopic techniques to determine the concentrations of elements 

present, and chemical mass balance equations may be used to determine the composition 

of the bulk amorphous material (Hemmings and Berry 1988a). Furthermore, analysis of 
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the insoluble residue yields information regarding the internal structure and crystalline 

mineralogy of the fly ash particle. It should be noted that this method of analysis yields 

important information regarding the proportion and composition of the bulk amorphous 

material, but provides little information regarding the discrete amorphous phases.  

3.5   CHARACTERIZATION OF FLY ASH REACTIVITY 

 

Fly ash is reactive in an aqueous medium. Amorphous phases in high and low-

calcium fly ashes, along with reactive crystalline phases in high-calcium fly ashes, may 

dissociate in water, causing fluctuations of ionic concentration in solution and subsequent 

precipitation of reaction products. These fly ash hydration reactions may occur 

simultaneously with portland cement hydration; however, some fly ash may exhibit self-

hardening properties. In the former case, the changes in ionic concentration in solution 

due to the presence of fly ash may alter the hydration rate of the portland cement phases 

and alter the microstructural and chemical properties of the portland cement reaction 

products through pozzolanic reactions. In the latter case, the fly ash phases hydrate to 

form reaction products in the absence of portland cement through hydraulic reactions.  

Many high-calcium fly ashes, termed hydraulic ashes, possess cementitious 

characteristics. The reactive crystalline components, most notably anhydrite (CaSO4), 

tricalcium aluminate (C3A), and lime (CaO), rapidly dissociate and form hydration 

products which contribute to the self-hardening behavior of these ashes (Mills 1986). 

Both CaSO4 and C3A participate in the formation of calcium sulfoaluminate, or ettringite, 

which accounts for most of the self-hardening behavior. CaO also hydrates, forming 
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Ca(OH)2, or portlandite, which may also contribute to self-hardening behavior (McCarthy 

et al. 1989). Other crystalline phases present in fly ash are considered sufficiently inert in 

an aqueous environment as to have negligible effect on the system. The reactivity of the 

crystalline phases is well understood through stoichiometric analysis and has been 

confirmed through electron microscopy and x-ray diffraction studies (McCarthy et al. 

1989; Mills 1986; Roy et al. 1985). 

Low-calcium fly ashes contain inert crystalline phases, but typically do not 

contain significant proportions of the reactive crystalline phases found in high-calcium 

fly ashes. The reactivity of these ashes is considered pozzolanic, as the primary reaction 

of interest is the hydration of siliceous and alumino-siliceous glass and the subsequent 

reaction with the hydrating cement system (Roy et al. 1985). Although many high-

calcium fly ashes are considered hydraulic due to the reactive crystalline phases, they 

also possess pozzolanic potential due to reactive amorphous phases. Intermediate-calcium 

fly ashes may also contain significant proportions of reactive crystalline phases and may 

thus exhibit both hydraulic and pozzolanic behavior.  

The pozzolanic reaction of particular importance is the conversion of calcium 

hydroxide, a cement reaction product, to calcium-silicate-hydrates or calcium-silicate-

aluminate-hydrates due to an abundance of silica and alumina released from the fly ash. 

The release of alkalis and sulfates from hydrating fly ash is also of interest due to 

durability concerns such as alkali-silica reaction and internal sulfate attack. It is well 

understood that crystalline components of a low-calcium fly ash are inert and the 

reactivity is a function of the amorphous composition. Studies have been conducted to 



 45 

assess the reactivity of fly ash as a bulk material, in both the presence and absence of 

portland cement, as will be discussed next.  

Berry et al. (1994) studied the hydration of high-volume fly ash concrete binders 

using thermal analysis, x-ray diffraction, scanning electron microscopy, and pore solution 

analysis techniques. Thermal analysis and x-ray diffraction studies resulted in three 

general conclusions: all hydration may result from reactions involving portland cement 

only, hydration of portland cement may be either retarded or accelerated by the presence 

of fly ash, and reactions may occur that involve the formation of hydrates from 

constituents of the fly ash in addition to those from the portland cement. Pore solution 

analysis revealed a reduction in alkali concentration in solution at all ages, typical of fly 

ash-cement systems. A lower alkali concentration in pore fluids extracted from the paste 

at ages later than 14 days of hydration suggest a greater alkali-binding potential of the fly 

ash-cement system as compared to a pure cement system. Furthermore, the paste 

containing fly ash showed higher relative levels of soluble alkali than the pure cement 

paste, indicating alkalis contributed by the ash. Electron microscopy revealed that, at 

early ages, fly ash particles serve as sites for growth and deposition of C-S-H produced 

through normal cement hydration. During the 7-28 day hydration period, many fly ash 

particles showed the etching of glassy materials from the particles, revealing crystal 

boundaries and indicating early hydration of the fly ash. By 56 days of hydration, most 

fly ash particles showed evidence of various degrees of surface glass reaction. Similar 

electron microscopy studies on fly ash hydration were performed by Mills (1986).  

Bumrongjaroen et al. (2007) studied the effect of chemical composition on fly ash 

reactivity through glass synthesis, leaching, and solution analysis. Glasses were 
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synthesized from raw SiO2, Fe2O3, Al2O3, N2O, CaO, MgO, and K2O, with the ratio of 

SiO2/Al2O3/Fe2O3 determined from the average of bulk chemical analyses of several fly 

ashes. The CaO/(Na2O+K2O) ratio was varied between the synthetic glasses. The glasses 

were subjected to LiCl and LiOH solutions by means of a single pass flow through 

system, where the pH could be carefully controlled. The pH was adjusted to 11.5, 12, and 

12.5 in respective experiments to approximate the pH range of typical concrete pore 

solution. The leaching tests each lasted 28 days. Following leaching, the ionic 

concentrations of the effluent solutions were analyzed by ICP-OES and compared to 

those of the original solutions. The difference in ionic concentration between the effluent 

and original solutions was indicative of the composition of the reacted glass material. 

Two important conclusions were drawn through this research. First, the average 

dissolution rate, and thus reactivity, of each glass increased dramatically with increasing 

pH. Second, the dissolution rate was inversely proportional to the CaO/(Na2O+K2O) 

ratio, probably due to the relative reduction in the alkali network modifiers. 

Perhaps the most notable research with respect to fly ash reactivity is that of 

Pietersen (1993). This research addresses the effect of fly ash particle size and density, 

solution pH, and solution temperature on the reactivity of the fly ash. Low-calcium fly 

ashes were separated into equal size and density fractions, and a bulk chemical analysis 

was performed for each fraction. A portion of each fraction was then subjected to NaOH 

solutions of pH 13.0, 13.4, and 13.7 at temperatures ranging from 20°C to 40°C for up to 

14 days. It was unclear if the samples were left still or were somehow agitated. Following 

the NaOH leaching, the samples were analyzed using chemical methods, semi-

quantitative x-ray diffraction, and electron microscopy. Pietersen found some correlation 
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between particle size and reactivity and a distinct correlation between particle density and 

reactivity, perhaps resulting from hollow particles in the lower density fractions. Most 

importantly, distinct correlations were found between solution pH and temperature and 

fly ash reactivity. When corrected for size and density, all ash fractions dissolved at 

nearly the same rate at a given temperature and pH, although the bulk chemistry of the 

fractions were notably different from one another. Reactivity was found to be directly 

proportional to pH and temperature, and those parameters were deemed more important 

variables than glass composition on the bulk reactivity of fly ash.  

3.6   LIMITATIONS OF PREVIOUS RESEARCH 

 

A significant amount of research has been conducted to characterize the 

morphology, mineralogy, and bulk chemistry of fly ash. Numerous electron microscopy 

studies have been conducted to assess particle morphology and qualitative x-ray 

diffraction techniques have been used to identify the crystalline components which 

commonly occur in high, intermediate, and low-calcium fly ashes. Semi-quantitative 

studies have also been conducted to determine the relative proportion of the crystalline 

constituents. With the exception of the Rietveld method studies by Winburn (1999) and 

Winburn et. al. (1997, 2000a, 2000b), few reports of rigorous quantitative analysis of 

crystalline phases were found.  

A plethora of research has been conducted to determine the bulk chemistry of a 

range of fly ashes using x-ray fluorescence and energy dispersive spectroscopy. Pietersen 

(1993) and Hemmings and Berry (1988) noted that fly ash exhibits microscale phase 
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separation in the amorphous fraction, but few studies have been conducted to identify and 

characterize the discrete microphases. This may be due to the lack of suitable analytical 

tools for such investigation. 

Studies have been conducted to assess the reactivity of fly ash in alkaline 

environments, in both the presence and absence of portland cement. Berry et al. (1994) 

noted that studying fly ash reactivity in the presence of portland cement is quite complex, 

as the hydration reactions of fly ash and portland cement are difficult to discern from one 

another, and thus the contribution of each constituent to the system is unclear. Pietersen 

(1993) drew important conclusions from bulk reactivity studies and discussed the 

importance of investigating microscale compositional variation, as this heterogeneity 

could prove relevant to reactivity in a practical environment. Pietersen’s reactivity studies 

were carried out in a harsh alkaline solution free of ions typically present in a concrete 

pore solution. These reactivity studies involved studying the reaction over a period of 14 

days, although Berry et al. (1994) suggested that fly ash did not show signs of hydration 

until 7-28 days and significant hydration was not observed until 56 days. Accelerated 

reactivity studies in solutions not wholly representative of a concrete pore solution may 

not be ideal. 
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Chapter 4: Experimental Methods 

Each of the experimental methods described herein was employed to yield direct 

information regarding the chemical composition of discrete microphases in fly ash. Few 

standard procedures exist for characterization of this heterogeneous material, thus 

existing procedures used for analysis of less complex systems were modified and new 

procedures were developed to facilitate proper characterization of both crystalline and 

amorphous microphases of fly ash. Furthermore, procedures were developed to 

investigate both bulk and constituent microphase reactivity in an alkaline environment. 

Each of these experimental procedures is detailed in the following sections of this 

chapter. 

4.1    FLY ASH SOURCE 

Due to the complexity of the experimental matrix, lack of standardized 

procedures, propensity for error propagation, and inherent variability of fly ash 

composition between sources, a single fly ash was used to develop procedures for 

microphase characterization and reactivity investigation. Although no single fly ash may 

be considered “typical”, one was carefully selected which exhibits a “middle of the line” 

bulk chemical composition, favorable physical properties, and benefits to both plastic and 

hardened concrete. The experimental procedures for microphase characterization and 

reactivity investigation were developed and refined using this “model” system, and later 

applied to related systems in concrete, including other fly ashes and microfine aggregate 

particles. The fly ash selected for this research is a by-product of the Limestone Electric 
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Generating Station (LEGS) in Jewett, Texas. All samples used in these experiments were 

obtained from a single barrel of ash processed on July 7, 2005.  

4.1.1  Bulk Chemical Properties 

The chemical analysis of the LEGS fly ash by x-ray fluorescence spectroscopy is 

presented in Table 4.1. The sum of the oxides presented does not total 100% due to the 

presence of unreported trace elements. The sum of the SiO2, Al2O3, & Fe2O3 fractions is 

83.71%, thus the fly ash is classified according to ASTM C 618 as “Class F.” The fly ash 

contains 9.90% CaO, which is a relatively median proportion among Class F fly ashes. 

The loss on ignition (LOI), an indication of unburned carbon, is 0.11%, a relatively low 

value among all fly ashes. The sum of the elemental oxides does not equal 100% due to 

the presence of unreported trace elements. Note that available alkalis are listed as a 

Na2Oe, where  

 Na2Oe = Na2O + 0.658K2O (4.1)    

Table 4.1 Bulk Chemical Analysis of LEGS Fly Ash 

Oxide Mass % 

Silicon Dioxide (SiO2) 55.11% 
Aluminum Oxide (Al2O3) 20.42% 
Iron Oxide (Fe2O3) 8.18% 
Magnesium Oxide MgO 2.72% 
Sulfur Trioxide (SO3) 0.54% 
Calcium Oxide (CaO) 9.90% 
Available Alkalis as Na2Oe 0.46% 

Source: Headwaters Resources 2005 
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4.1.2  Physical Properties 

The LEGS fly ash has a bulk specific gravity of 2.39g/cm
3
, and the majority of 

the fly ash particles were found to be spherical and unbroken when examined using both 

optical and scanning electron microscopes. Some angular particles were observed; with 

the longest dimension of most between 25µm and 35µm. Microscopic analysis of 

polished cross-sections revealed that most of the spherical particles were entirely solid; 

however some cenospheres and plerospheres were present in each sample. Cenospheres 

are particles with an empty hollow core, while plerospheres are particles with a hollow 

core which is partially filled with other fly ash particles. All angular particles were 

entirely solid.  

The mean particle size is approximately 14µm, the smallest particles 

approximately 0.4µm, and the largest particles approximately 520µm. It should be noted 

that only 4% of the particles, by mass, were larger than 121µm. The cumulative and 

differential particle size distributions, as measured by laser diffraction, are presented in 

Figures 4.1 and 4.2, respectively. The cumulative particle size distribution shows the 

fraction of the bulk above or below any size threshold; while the differential particle size 

distribution shows the fraction of material at a given particle size. 
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Figure 4.1  Cumulative Particle Size Distribution of LEGS Fly Ash 

 

0

1

1

2

2

3

3

4

0.01 0.1 1 10 100 1000 10000

Size (µm)

D
if

fe
re

n
ti

a
l 

(%
)

 

Figure 4.2 Differential Particle Size Distribution of LEGS Fly Ash 
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4.2   IDENTIFICATION AND QUANTIFICATION OF CRYSTALLINE PHASES 

The crystalline components of the fly ash were characterized using x-ray powder 

diffraction. Raw fly ash samples were prepared, scanned, and analyzed to identify the 

crystalline phases present. Subsequently, a suitable internal standard was intermixed with 

each sample and analyzed using a rigorous quantitative method to determine the relative 

proportions of each phase previously identified.  

4.2.1  Data Acquisition 

The x-ray powder diffraction data was collected using a Siemens D500 

diffractometer with a DacoMP controller and analog-to-digital converter. The scans were 

configured and digital data was collected and stored using two software suites of similar 

functionality: DiffracAT (Bruker) and DataScan (MDI). The configuration change took 

place approximately halfway through this research due to equipment upgrades. NIST 

standard reference clinker 2688 was analyzed before and after the upgrade to ensure 

proper calibration and continuity of the analysis.  

A traditional 2200W copper-target x-ray tube was used, operating at 40mA and 

30kV. The diffractometer was configured with a 1º divergent slit, 4º soller slit, and 1º 

anti-scatter slit on the incident-beam side and a 1º anti-scatter slit, 4º soller slit, 0.15mm 

receiving slit, and a 0.6mm detector sit on the divergent-beam side. A single-crystal 

monochromator was used to prevent Cu K-β radiation from reaching the x-ray detector.  
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4.2.1.1  Sample Preparation 

Approximately 1.35g of fly ash was measured on an electronic balance and was 

emptied into a ceramic mortar. Then, approximately 0.15g of 99.9% pure rutile (TiO2) 

was measured and added to the mixture as an internal standard. The appropriateness of 

rutile as an internal standard will be discussed in Section 4.2.2. Ethanol was added to the 

powder while blending the mixture using a pestle, forming a homogeneous slurry. The 

powder was then rigorously ground by hand for approximately three minutes, allowed to 

dry at 40ºC for one hour, and brushed from the mortar onto weighing paper. The grinding 

served not only to thoroughly mix the rutile and fly ash, but also to optimize the particle 

size of the mixture for x-ray diffraction analysis.  

The powder sample was transferred into a standard Siemens sample holder and 

evenly distributed about the holder. The sides of the powder were struck flush with the 

holder, leaving an approximately 1cm
2
 mound in the center. A glass platen was then 

placed onto the sample, compressing the powder into the holder. Enough pressure was 

applied such that the powder sample remained cohesive when the sample holder was 

tilted approximately 75º about both in-plane axes. Care was taken to use only vertical 

pressure on the platen, preventing rotation and translation of the platen and holder, to 

minimize preferential orientation of crystalline material in the sample. Such “preferred 

orientation” may complicate quantitative analysis.  

For the few samples for which there was insufficient material to fill a standard 

holder (approximately 1.5g), a zero-background quartz-disc sample holder was used. This 

type of holder features a quartz disc cut such that no diffraction events occur and is set 

about 50µm below the specimen holder plane, requiring limited sample. A small amount 



 55 

of sample was dispersed atop the disc using ethanol and allowed to dry, forming a fly ash 

layer of uniform thickness. Analysis of the bare zero-background holder confirmed the 

absence of diffraction peaks and amorphous background interference. Furthermore, 

analysis of standard materials prepared on both standard and zero-background holders 

yielded similar results. Both the standard sample holder and the zero-background holder 

were of the plastic, top-load style. This holder type was chosen due to the absence of low-

angle x-ray scatter experienced when using metal back-load holders. 

4.2.1.2  Experimental Conditions 

The diffraction experiments were performed in a standard temperature-controlled 

environment to minimize instrumental alignment error and thermal changes to the 

samples. Samples were scanned from 10º to 70º 2θ in increments of 0.02º with a step-

time of 8 seconds/step. Each scan lasted approximately 7 hours. Such lengthy scans are 

seldom performed; however they were deemed appropriate in this case due to the 

relatively small bulk proportion of crystalline material and the desire to resolve both 

major and minor crystalline phases in a manner favorable for rigorous quantitative 

analysis. The scans were performed over a period of two years, thus the machine was 

routinely checked using NIST standard reference clinker 2688.  

4.2.2.  Data Analysis 

Following collection of the x-ray diffraction data, detailed qualitative analysis 

was performed to identify the crystalline phases present in the fly ash. Subsequently, 

quantitative analysis was performed to determine the mass fraction of each phase. 
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4.2.2.1  Qualitative Analysis 

Qualitative analysis was performed using one of two software packages: 

DiffracPlus EVA (Bruker) and Jade (MDI). The use of two packages was necessitated by 

the aforementioned equipment upgrade and both produced proper analysis results for 

NIST standard reference clinkers. The diffraction data were loaded into the analysis suite 

and the diffractogram was displayed. The general shape of the base of the diffraction 

curve, or pattern “background,” was identified and fit analytically. This background, 

including the broad “hump” caused by the amorphous ash fraction, was numerically 

subtracted from the pattern, resulting in well-defined diffraction peaks representative of 

the crystalline phases present.  

The 1996 version of the International Center for Diffraction Data (ICDD) Powder 

Diffraction File – 2 (PDF - 2) was employed by the software suite for comparison of 

reference diffraction patterns of known inorganic crystalline phases to those obtained 

experimentally. Prior to phase identification, the pattern was corrected for x-axis (2θ) 

shift caused by sample height displacement error. As the x-ray source and detection 

length are held constant, θ, and thus 2θ, varies with the height of the sample. Minute 

inconsistencies in sample preparation and deformities of powder sample holders may 

cause megascopically unnoticeable sample height displacement, resulting in significant 

shifting of the entire pattern along the x-axis of the diffractogram (2θ). This geometric 

effect is more pronounced at low angles; however the entire pattern is corrected 

uniformly for simplicity.  

The primary peak of rutile was used for sample displacement correction. The 

experimentally determined peak was identified along with the location of the reference 
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peak, at 27.45° 2θ. The experimental pattern was shifted such that the location of the 

centroid of the experimental peak at half-maximum intensity matched the reference peak 

location. Rutile was chosen as the internal standard because the fly ash contained no 

crystalline TiO2 and the characteristic diffraction peaks of the standard did not 

significantly overlap those of the crystalline phases present in the fly ash, facilitating both 

qualitative and quantitative analysis.  

Following the aforementioned preprocessing, the entire pattern was analyzed. The 

diffraction peak locations were compared to those of the reference patterns of minerals 

commonly found in fly ashes. Following a potential peak-location match of the primary 

peak for a phase, the secondary and tertiary peaks were identified. A phase was 

considered present if the three experimentally determined peaks of highest intensity 

matched the respective reference peak locations. Given the high intensity of the x-ray 

scans, peaks were resolved which represent only minor contributions to the bulk, but 

were included in the detailed analysis. 

4.2.2.2  Quantitative Analysis 

Following comprehensive qualitative identification of the crystalline phases 

present in the fly ash, their relative proportions were determined through Rietveld 

QXRD. Additionally, the bulk amorphous fraction was determined by difference through 

the use of the internal standard. An academic version of TOPAS (Bruker), a 

commercially available software package, was used to perform the Rietveld quantitative 

analysis. The academic version features the full quantitative functionality of the 
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commercial version; however the user interface is text-based in lieu of the more 

simplistic graphical user interface of the commercial version.  

Quantitative analysis was performed on the raw, unprocessed diffraction data. The 

Rietveld whole-pattern, least-squares curve fitting routine was applied to the data from 

15º to 65º 2θ. Inclusion of data less than 15º 2θ did not improve the background fit nor 

include peaks of any phases present. Inclusion of data greater than 65º 2θ included only 

peaks for the internal standard, already accounted for by lower-angle peaks of suitable 

resolution.  

As previously discussed, the Rietveld method employs a curve-fitting algorithm 

based upon parameters derived from theoretical crystal structures. Actual crystal structure 

parameters may differ from the theoretical parameters, especially in materials subjected 

to high temperature, as in the case of fly ash. Thus, a parametric “refinement” was 

necessary to accurately fit a calculated pattern to the experimental data.  

The refinement procedure entailed performing an initial fit, holding all 

theoretically predicted parameters fixed. Then, beginning with the most predominant 

phase, each relevant parameter was varied within an acceptable range, while holding all 

other parameters fixed, to determine which favorably affected the curve fit for that phase. 

The parameters varied for each phase were largely dependent on a visual assessment of 

diffraction peak shape and magnitude. Once an acceptable fit was achieved for a phase, 

all parameters of that phase were again fixed, and the next predominantly-occurring 

phase was refined. This process was repeated until statistical improvements in curve fit 

were negligible. The refinement procedure was conducted for rutile separate from the fly 

ash sample to ensure a proper fit to the internal standard pattern, and the parameters 
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obtained from such refinement were included in the refinement of each fly ash/rutile 

mixture. Diffraction pattern refinement was again necessary when qualitative analysis 

indicated distinct changes in the composition of the material. 

Rietveld analysis of the diffraction data yielded approximations of relative 

proportions of the discrete crystalline phases in the fly ash. However, such analysis is 

based upon the pretense that the bulk material is largely crystalline, and thus results are 

based upon 100% crystalline sample composition. The crystalline phase fractions were 

easily normalized to the bulk crystalline fraction through the use of a carefully-measured 

addition, or “spike,” of internal standard. Each phase fraction was normalized to the 

known mass spike of internal standard. The software package included a routine for this 

normalization that rarely functioned properly. Thus, the normalization was carried out 

manually according to: 

 

'
'i i

I
P P

I

 
=  

   (4.1) 

where 'iP  is the mass percentage of phase i  present in the spiked sample, iP  is the mass 

percentage of phase i  as determined directly by Rietveld analysis, 'I  is the known mass 

percentage of internal standard, and I  is the mass percentage of internal standard as 

determined directly by Rietveld analysis. 

Following normalization to the known mass of internal standard, the sum of the 

spiked phase fractions still included the original mass of internal standard. To obtain the 

phase fractions of the original material constituents, without the inclusion of the internal 

standard, the spiked phase fractions were again normalized according to: 
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where ''iP  is the mass percentage of phase i  present in the original sample. 

Subsequently, the total amorphous fraction can be calculated by difference: 

 100 ''am iP P= −∑  (4.3) 

where amP  is the mass percentage of amorphous material present in the original sample. 

Through Rietveld QXRD, the phase fraction of each crystalline phase was 

determined, along with the total amorphous fraction.  

4.3   IDENTIFICATION AND QUANTIFICATION OF AMORPHOUS PHASES 

The amorphous fraction of the fly ash was characterized using scanning electron 

microscopy (SEM), energy dispersive spectroscopy (EDS), and multispectral image 

analysis (MSIA). Fly ash samples were carefully prepared before undergoing intense x-

ray microanalysis via SEM/EDS, resulting in high-resolution images of the spatial 

distribution of elements in each sample. Digital image overlays were created to facilitate 

qualitative determination of element combinations, or compounds. The individual images 

were mathematically linked to form a multispectral image suitable for segmentation into 

individual phases, and the relative abundance of each phase was subsequently quantified. 

4.3.1  Data Acquisition 

The samples were analyzed using one of two available scanning electron 

microscopes, each equipped with an energy dispersive spectrometer (EDS). The first 

microscope, located in the inorganic materials microstructure lab at NIST, in 
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Gaithersburg, MD, is a FEI Quanta 600 tungsten emission SEM2 with a Princeton 

Gamma Tech (PGT) Spirit EDS. The second, located at the University of Texas at 

Austin, is a LEO 1530 field emission SEM with an IXRF Systems EDS2006 EDS. A 

tungsten emission microscope is better suited for intensive x-ray microanalysis due to the 

relatively high intensity of the electron beam, as compared to field emission 

configurations. However, due to equipment availability, the LEO 1530 field emission 

SEM was used for the majority of this research. Comparative analysis of identical 

samples analyzed by both microscopes yielded nearly identical results. 

4.3.1.1  Sample Preparation  

For proper scanning electron and x-ray microanalysis, a polished cross-section of 

the sample must be prepared, such that electron beam-sample interaction height is 

uniform across the sample area. A typical polished SEM sample consists of a subject 

material mixed with or embedded in a molded epoxy disk measuring 31.75mm in 

diameter and approximately 12mm in height. Molding a sample of these dimensions from 

a fly ash-epoxy mixture proved difficult and required at least 20g of fly ash per sample. 

Such a method was unsuitable for this research due to the small mass of each fly ash 

sample to be studied, and thus a standard dimension epoxy disk was modified to allow 

analysis of less than 0.5g of sample.  

                                                 
2 Certain commercial equipment, instruments, or materials are identified in this report in order to specify 
the experimental procedure adequately. Such identification is not intended to imply recommendation or 
endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the 
materials or equipment identified are necessarily the best available for the purpose. 
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The modified disk mount was fabricated from a blank, standard size epoxy disk. 

Epotek 353ND3 optical-grade epoxy was chosen due to its favorable optical and thermal 

properties for high-intensity SEM analysis. Furthermore, Epotek 335ND exhibited better 

particle-epoxy bond than other common epoxies. After thorough mixing of the two-part 

epoxy, 11g of the epoxy was dispensed into a standard plastic sample mold coated with a 

bond-breaking agent, taking care to avoid entrapped air bubbles. The epoxy was not 

vacuum cured due to the low boiling point of Epotek 353ND. Instead, the epoxy disks 

were heat-cured for 24 hours at 40ºC and standard pressure before curing at 23ºC and 

standard pressure for an additional 24 hours. The hardened epoxy disks were then 

carefully removed from the plastic mold. Deformed, cracked, or crazed disks were 

discarded, and each disk was wiped clean with ethanol.  

The blank epoxy disks were then machined using a computer numerically 

controlled (CNC) mill to the dimensions in Figure 4.3. The height of each disk varied 

slightly with respect to the others due to differences in preparation and curing, however 

this did not affect the analysis as long as the height of each disk was constant throughout 

its own area.  Following fabrication, the disks were cleaned in an ultrasonic bath of 

ethanol to eliminate loose particles. A machined blank disk is shown in Figure 4.4. 

                                                 
3 Epoxy Technology Inc., Billerica, MA, http://www.epotek.com/ 
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Figure 4.3 Schematic of SEM Sample Disk 

 

 

 

Figure 4.4 Blank SEM Sample Disk 
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For each fly ash sample, a fly ash/epoxy mixture was made at a ratio of 2:1 by 

mass. Multiple ratios of fly ash to epoxy were investigated, from 10:1 to 0.2:1; the 2:1 

ratio best facilitated both qualitative and quantitative analysis for the LEGS fly ash. A 

particle-rich mixture without particle agglomerations was desired. Therefore, the mixture 

had to be sufficiently dilute to properly disperse the powder and provide inter-particle 

separation. The fly ash to epoxy ratio is a function of the properties of material to be 

suspended, thus experimentation may be necessary to determine the optimal mixture 

proportions for other fly ashes.  

The fly ash and epoxy were thoroughly but gently mixed with a glass stirring rod 

to provide adequate particle dispersion without air entrapment. Approximately 0.5ml of 

the mixture was placed into each of the wells on the epoxy disk, allowing some material 

to protrude above the hardened epoxy surface, but preventing the samples from 

contacting one another. Any well not filled with the fly ash/epoxy mixture was filled with 

pure liquid epoxy. The completed epoxy disk was again cured for 24 hours at 40ºC and 

standard pressure before curing at 23ºC for an additional 24 hours. 

Once hardened, the sample surface was ground flush using #60 grit grinding 

paper. All grinding was performed by hand, without aid of an automatic grinder. Great 

care was taken to prevent particle “plucking” from the sample surface. During grinding, 

slight downward pressure was exerted on each disk. The pressure was not measured; 

however ideal surface preparation was achieved when the polisher exerted just sufficient 

pressure to cause discoloration of the nails on his/her thumb and forefinger. The sample 

was rotated approximately 45º in plane every 30 seconds during grinding. After achieving 

a flush surface using #60 grit paper, grinding was continued using progressively finer grit 
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paper in the following succession: #180, #400, #600, #800, and #1200. Each successively 

finer paper was used until the scratches on the surface of the sample were of uniform 

width. This could be approximated with the naked eye; however an optical 

stereomicroscope was used in many cases. Grinding at each fineness lasted 

approximately five minutes. The sample was lightly washed with ethanol and dried with 

compressed air after each grinding. 

After grinding, each sample was polished using successively finer diamond paste 

in the following succession: 6µm, 3µm, 1µm, 0.5µm, and 0.25µm. The polishing was 

performed using a small amount of diamond paste applied to optical-grade cloth mounted 

upon a motorized polishing platen rotating at 90rpm. Pressure was applied in a manner 

similar to that of grinding; however the sample was continuously rotated in an orbital 

motion. That is, the polisher rotated the sample about the axis of the platen, contrary to 

the direction of rotation of the platen, while also rotating the sample about its in-plane 

axis. An automated polishing head was available, but not used. Again, polishing at each 

fineness lasted approximately 5 minutes, and the optical cloth was replaced after each 

polishing step. Following the final polishing, the sample was cleaned with ethanol and a 

clean optical cloth. A polished SEM sample disk is shown in Figure 4.5. The samples 

were stored in a vacuum desiccator until needed.  
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Figure 4.5 Polished SEM Sample Disk 

 

Finally, the samples were coated with a conductive medium to provide electronic 

continuity from the electron beam to a ground source. Carbon was chosen as the coating 

material, since it does not interfere with x-ray microanalysis. Heavier elements such as 

gold, palladium, and silver are also commonly used as conductive coatings and were 

investigated. Of those, only silver yielded acceptable results, as the others interfered 

heavily with EDS analysis by reducing backscattered electron and x-ray flux due to 

absorption. 25nm of carbon was deposited on the sample surface using a vacuum carbon 

evaporator. The coating thickness was measured using the brass substrate method 

(Kerrick 1973).  
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4.3.1.2  Experimental Conditions 

The SEM/EDS experiments were performed in the high-vacuum configuration of 

both instruments used. The LEO/IXRF system was used for most samples; however some 

exploratory analysis was performed using the FEI/PGT system. Both systems performed 

adequately. The equipment configuration for the FEI/PGT system was varied between 

samples, in search of optimum conditions. Upon switching to the LEO/IXRF system, the 

optimum scan conditions were determined through trial analyses, such that x-ray intensity 

was maximized. The SEM was operated at an accelerating voltage of 15kV, nearly twice 

the x-ray excitation energy of iron, the heaviest element to be investigated. The 2x 

minimum overvoltage was suggested by Goldstein (2003).  The lowest feasible voltage 

was used to prevent localized heating and subsequent destruction of the epoxy-bound 

sample. The largest available aperture, 120µm, was used; and the working distance which 

maximized x-ray intensity was found to be 11mm.  

The EDS was configured for collection of high-resolution element maps of 1024 

pixels
2
 with pixel dwell time of 400µs/pixel. The atypically short dwell time was utilized 

to minimize local charging effects, subsequent beam drift, and image deformation. Under 

this configuration, the x-ray count rate was approximately 10,000 counts/second and the 

processor time constant was set at 4.0 to limit x-ray detector dead time to 15%. One 

frame of an image set was collected in approximately eight minutes. The intensity of the 

x-ray signals, and thus image maps, were insufficient for analysis after a single frame; 

therefore the multi-scan EDS function was utilized to collect a series of frames of the 

same sample area over a period of time. Tests were conducted and the minimum number 

of frames needed for proper analysis was found to approach 30. Conservatively, 50 



 68 

frames were collected for each sample, resulting in scans of approximately 7 hours each. 

For uniformity, the system was configured identically for image collection of each 

sample. 

4.3.2  Data Analysis 

Following collection of the high-resolution element maps, careful qualitative 

analysis was performed to identify amorphous phases present in the fly ash. 

Subsequently, rigorous quantitative analysis was performed to determine the respective 

area fractions of each phase, which was correlated to a volume fraction, and a mass 

fraction was approximated therefrom. Both qualitative and quantitative image analyses 

were performed using MultiSpec, a free software suite available online, and using 

procedures modified from those of (Lydon 2005b). 

4.3.2.1  Qualitative Analysis 

The individual element maps for each sample were processed then mathematically 

linked to form a single multispectral image suitable for analysis. Each image was 

preprocessed to maximize the signal/noise ratio before higher-level processing was 

attempted. Using the readily available free software, ImageJ, a median filter was applied 

to every image in each set to reduce speckling, or the “salt-and-pepper” effect by 

replacing each pixel with the median of the neighboring pixel values (Rasband 2004). A 

median filter of radius 1 was chosen due to its ability to reduce image noise without 

blurring edges or boundaries. 
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Following application of the median filter, further background noise was 

eliminated from the image by removing the faint signals which were not attributable to 

any particular larger particle in the image. Since all images were collected under similar 

conditions, this preprocessing method was standardized and identical procedures applied 

for each image set. Inspection revealed that images of minor constituent elements 

contained more noise than those of the major constituent elements, and further 

experimentation confirmed the necessity to clip greater amounts of background from the 

images of minor elements. Based on the standard pixel-brightness scale of 0-255, with 0 

representing a completely black pixel and 255 representing a completely white pixel, 

those pixels with values less than the threshold values listed in Table 4.2 were removed 

from the respective images. This minimum threshold value manipulation was 

accomplished using the Image Adjustment – Brightness/Contrast feature of ImageJ. The 

actual values may vary with the image collection scheme and equipment used. 

Table 4.2 Threshold Values for Image Clipping 

Element Threshold Value 

Ca 10 
Si 10 
Al 10 
Na 50 
Mg 25 
K 35 
Fe 30 

 

 Following the image preprocessing described above, the individual element images 

were linked to form a multispectral image in accordance with procedures of Lydon 

(2005b).  
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4.3.2.2  Quantitative Analysis 

The determination of the mass fractions of the amorphous phases required some 

data manipulation, as the multispectral image analysis yields phase fractions in terms of 

area, not volume or mass. The area fraction of each phase was first directly correlated to a 

volume fraction due to the predominantly spherical and symmetrical shape of the 

amorphous particles (Bentz and Rémond 1997), such that: 

 i ia v=  (4.4) 

where ia  is the area fraction of phase i  and iv  is the volume fraction of phase i . As 

mentioned, some crystalline phases were observed to assume an angular, dendritic, or 

needle-like form, and are thus non-symmetrical. The effect of the shape of these minor 

constituents on the overall analysis was considered and determined insignificant since the 

non-spherical shapes were assumed to be randomly oriented in the sample. 

The volume fraction of each phase was then correlated to a mass fraction as 

follows: 

 i i im v δ=  (4.5) 

where iδ  is the density of phase i . Recognizing the differences in density due to particle 

morphology and chemistry (Shelby 2005), the inter-particle variation was considered 

sufficiently small to assume a bulk amorphous density of 2.5 for non-alkali-modified 

glasses and 2.4 for alkali-modified glasses, based on work by Hemmings and Berry 

(1986) and Pietersen (1993) and discussions with Stutzman. The crystalline phase 

densities were taken as follows: 
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Table 4.3 Crystalline Phase Densities (g/cm
3
) 

Crystalline Phase Density 

Quartz 2.64 
Ferrite Spinel / Maghemite 5.18 
Periclase 3.58 

    Source: Weast 1988 

 

The mass fraction data were compiled, and the crystalline mass fractions obtained 

from the SEM/MSIA technique were compared to those obtained from the RQXRD 

technique. Following this comparison, the crystalline phases were excluded from the 

SEM/MSIA data for simplicity. The crystalline phases resolved through EDS mapping; 

ferrite spinel, periclase, and quartz, were excluded from the data set, and the remaining 

phases were normalized to 100%, as follows: 

 , ,

100

100
am i am i

cr

n a
a

 
=  

− 
 (4.6) 

where ,am i
n  is the normalized area fraction of amorphous phase i , 

cr
a  is the total area 

fraction of the crystalline phases, and ,am i
a  is the reported area fraction of amorphous 

phase i . The resulting data yielded a comprehensive characterization of the amorphous 

phases in the fly ash.  

4.4.  INVESTIGATION OF CONSTITUENT PHASE REACTIVITY 

Thus far, this chapter has focused on the identification and quantification of the 

crystalline and amorphous phases present in a fly ash. Methods for determining the 

reactivity of each phase as a function of time are now presented. Samples of LEGS fly 

ash were subjected to one of four alkaline solutions or ultrapure water, continuously 
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agitated, and physically separated from the solutions at predetermined timesteps. Each fly 

ash sample was then prepared and analyzed using the aforementioned procedures to 

determine the relative proportion of each phase at each timestep. Furthermore, solution 

analysis was performed to determine ionic concentrations in solution at each timestep. 

4.4.1  Alkaline Leaching 

Four alkaline solutions were carefully selected and prepared, along with ultrapure 

water, as leachates to which the LEGS fly ash would be subjected. Experimental 

procedures and conditions prior to and during leaching were carefully monitored to 

ensure uniform treatment of samples and minimize contamination. At each predetermined 

time, each leachant was carefully separated from the leachate and treated to prevent 

further reaction. The leachant samples were then stored in a vacuum desiccator; and the 

leachate samples were kept refrigerated until each was prepared for analysis. The 

temperature change did not result in any visible precipitation. 

4.4.1.1  Leachate Initial Compositions/Concentrations 

The four alkaline leachates were carefully chosen to provide an understanding of 

phase reactivity in an environment representative of a concrete pore solution. Ultrapure 

water, with a resistivity of 18MΩ (+/- 0.5MΩ) was chosen as a control leachate. Two 

alkali leachates were synthesized from raw materials to yield similar ionic concentrations 

of pore solutions after 12 hours (early-age) and 180 days (late-age) of cement hydration, 

respectively. One alkali leachate was extracted directly from cement after 4 hours of 

hydration. The final alkali leachate was a concentrated sodium hydroxide solution. A 
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0.5M sodium hydroxide leachate was chosen for comparison to previous accelerated 

reactivity studies and to determine the appropriacy of accelerated testing (Pietersen 

1993).  

As there exists no “typical” pore solution, the concentrations of the major ions, 

Ca
2+

, K
+
, Na

+
, SO4

2-
, and OH

-
, vary widely among samples of fresh and hardened 

concrete. After a thorough literature search, sixteen experimentally determined early-age 

pore solution values were recorded and plotted. The values are listed in Table 4.4 and 

displayed graphically in Figure 4.6.  

Table 4.4  Ionic Concentrations of Early Age Pore Solutions 

Source Ionic Concentration (mmol) 

 K
+
 Na

+
 Ca

2+
 SO4

2-
 OH

-
 

Bonen and Sarkar 
1
 50 10 30 25 60 

Bonen and Sarkar 
1
 375 120 20 190 170 

Bonen and Sarkar 
1
 275 100 25 140 125 

Bonen and Sarkar 
1
 275 50 0 0 360 

Bonen and Sarkar* 
1
 220 75 20 90 150 

Bonen and Sarkar 
1
 25 5 30 10 70 

Diamond
2
 300 40 60 150 240 

Gartner et al.
3
 386 71 19 187 NR 

Gartner et al.
3
 390 103 18 196 NR 

Mindess
4
 400 25 100 325 175 

Moragues et al.
5
  NR NR 33 12 41 

Moragues et al.
5
 NR NR 24 19 50 

Moragues et al.
5
 NR NR 18 42 73 

Moragues et al.
5
 NR NR 16 23 89 

Taylor
6
 40 16 28 20 18 

Thomas and Double
7
 20 4 35 35 42 

Sources: [1] Bonen and Sarkar 1995; [2] Diamond 2006; [3] Gartner et al. 1985; [4] Mindess et al. 
2003; [5] Moragues et al. 1987; [6] Taylor 1997; [7] Thomas and Double 1981 
 * Concentrations used for baseline in experiments.   
Note: Concentrations reported in mMol; NR = Not Reported 
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Figure 4.6 Ionic Concentrations of Early Age Pore Solutions 

 

Similarly, seven experimentally determined late-age pore solution values were 

recorded and plotted. The values are listed in Table 4.5 and displayed graphically in 

Figure 4.7. It should be noted that the values from Snyder were reported via personal 

communication as high and low concentration limits, respectively, and therefore are not 

shown graphically. 
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Table 4.5  Ionic Concentrations of Late Age Pore Solutions  

 

Source Ionic Concentration (mmol) 

 K
+
 Na

+
 Ca

2+
 SO4

2-
 OH

-
 

Andersson et al.
1
  160 65 2.25 325 250 

Taylor 
2
  330 130 NR 10 430 

Taylor* 
2
 270 110 NR 10 360 

Taylor 
2
 230 100 NR 10 310 

Taylor 
2
 240 90 NR 10 320 

Snyder  300 150 0.5 5 500 

Snyder  600 350 2 100 700 

 Sources: [1] Andersson et al. 1989; [2] Taylor 1997 
 * Concentrations used for baseline in experiments. 
 Note: Concentrations reported in mMol; NR = Not Reported 
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Figure 4.7 Ionic Concentrations of Late Age Pore Solutions  

 
Given the wide range of experimentally reported concentrations, values were 

chosen for solution synthesis which best represented median concentrations of actual 

solutions. The fifth concentrations reported by Bonen and Sarkar (1995) in Table 4.4 and 
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the second concentration reported by Taylor (1997) in Table 4.5 were used as baseline 

concentrations for the synthetic pore solution synthesis. The solutions were synthesized 

from the following reagent grade materials: potassium hydroxide (KOH), sodium 

hydroxide (NaOH), potassium sulfate (K2SO4), and calcium hydroxide (CaOH2). After 

calculating the mass of each reagent necessary to achieve the concentrations desired, each 

was mixed individually with ultrapure water, ensuring complete dissolution of the 

reagent. The four raw material solutions were then mixed together. No precipitate was 

observed during or after mixing, indicating a fully dissolved solution. The solutions were 

then stored in sealed Nalgene containers at room temperature. 

To obtain a sample of actual early-age pore solution, a typical Type I/II cement 

was mixed at 0.5 w/c according to procedures detailed in (Hema 2007) and allowed to 

hydrate. After four hours, the hydrating paste was transferred into a porcelain separation 

funnel containing 1µm quantitative filter paper, placed onto a standard vacuum flask, and 

subjected to a vacuum sufficient to extract the liquid pore solution from the paste matrix. 

Vacuum filtration was stopped when no further liquid extraction was observed for one 

minute. Finally, the 0.5M sodium hydroxide solution was produced by mixing reagent-

grade sodium hydroxide pellets with ultrapure water. The solutions were stored in sealed 

Nalgene containers at room temperature. 

4.4.1.2  Leaching Conditions 

Following preparation of the alkali solutions, 10ml of each was carefully pipetted 

into 15ml non-reactive plastic centrifuge tubes. One tube per solution was prepared for 

each of the sampling timesteps mentioned in the following section. 2g of fly ash was 



 77 

precisely measured and added to each tube, resulting in a 5:1 water to solids ratio (w/s), 

chosen to prevent set of the fly ash while providing sufficient materials for liquid and 

solid phase analysis. The centrifuge tubes were tightly sealed to prevent contamination 

and leakage, and placed on a Labquake Rotisserie Rotator rotating at 10rpm. The samples 

were kept undisturbed at 23°C until removed from the rotisserie for physical separation 

of the solids and the liquid.  

4.4.1.3  Sampling Timesteps 

The leached fly ash was separated from each solution at predetermined intervals. 

Smaller intervals were chosen for early-age solution separation, as the system was 

expected to be quite dynamic as it equilibrated. Intervals for the sodium hydroxide 

solution separation were the same as used by Pietersen (1993), thus facilitating 

comparison to previously published results. The sampling timesteps for each solution are 

as follows: 

Early age simulated pore solution:  1, 4, 8, 16, 24, 36 hours 

Late age simulated pore solution:  1, 3, 7, 14, 28, 56, 90, 180, 270, 365 days 

Actual pore solution extract:    1, 8 hours; 1, 7, 28, 90, 180, 270, 365 days 

Sodium hydroxide solution:    1, 7, 14, 28 days 

Ultrapure water:  1, 4, 8, 16, 24, 36 hours; 14, 28, 56, 90, 180, 

270, 365 days 
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4.4.1.4  Extraction Procedure 

Physical separation of the solid material from the liquid was accomplished 

through careful vacuum filtration. Prior to removing each sample from the rotisserie, the 

separation assembly was prepared using a conical Nalgene funnel, 1µm quantitative filter 

paper folded in quarters, and a vacuum flask with stopper. The filter paper was placed in 

the funnel, which was then inserted into the stopper atop the vacuum flask. A light 

vacuum was applied to the flask, just enough to hold the filter paper flush against the 

inside surface of the funnel. The sample was then removed from the rotisserie, inverted 

twice, the cover removed, and the contents poured quickly but carefully into the filter. 

The vacuum level was adjusted such that approximately two drops of leachate per second 

were delivered to the flask. Care was taken to control the flow rate as to prevent the filter 

paper from tearing due to excessive vacuum pressure. Following vacuum filtration, the 

leachant was labeled and stored in sealed 10ml Nalgene containers. 

Inevitably, some of the solid material remained on the interior surface of the 

centrifuge tube and its top, and was washed into the previously separated material using a 

30ml syringe of ethanol. Finally, another 30ml of ethanol was used to wash the solid 

filtrate of the leachant and to repel any remaining water in the system, such that no 

further hydration occurred. All ethanol was filtered into an empty vacuum flask and was 

discarded. The solid filtrate was allowed to dry at room temperature for 24 hours, 

precisely weighed to determine mass change, carefully scraped from the filter paper, and 

stored in a vacuum desiccator until prepared for analysis as described above. 
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4.4.2  Qualitative Analysis: SEM Imaging 

Following physical separation of the solids from the leachant, a small amount of 

each sample was set aside for qualitative inspection by SEM to examine the morphology 

of the leached ash and investigate the presence of any hydration product. A double-faced 

adhesive carbon disc was applied to a standard aluminum SEM specimen mount; and the 

mount was lightly pressed onto weighing paper containing a small amount of the powder 

sample. Care was taken to avoid particle agglomerations, as a monolayer of particles 

deposited on the adhesive proved ideal for this application. Pressurized air was used to 

remove excess powder from the mount and adhesive. The mount was coated with 

approximately 20nm of silver to provide conductive continuity for SEM imaging. The 

samples were imaged at 10kV accelerating voltage and other instrument settings were 

varied to optimize image quality.  

4.4.3  Phase Fractions vs. Time 

The mass fractions of the crystalline and amorphous material at each separation 

time step were determined through RQXRD and SEM/MSIA, respectively. The mass 

change of the phases over time was determined as follows: 

 , ,i i o i t
m m m∆ = −  (4.7) 

where 
i

m∆  is the change of mass fraction of phase i , ,i o
m  is the mass fraction of phase i  

prior to leaching, and ,i t
m  is the mass fraction of phase i  at time t .  
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4.4.4  Leachate Concentration vs. Time 

The concentrations of Si
4+

, Al
3+

, Ca
2+

, Na
+
, and K

+
 in each leachate were 

determined at each time step through ICP-OES and reported in parts per million (ppm). 

These results were plotted for each ion and leachate and the plots were examined for 

trends. 

4.4.5  Hydration Product Chemistry vs. Time 

As preliminary data indicated that hydration product was forming due to the 

reaction between the fly ash and leachates, a method was developed to investigate the 

chemistry of such product. The most versatile analysis method available with respect to 

the elements of interest was ICP-OES; thus it was necessary to dissolve the hydration 

product into a background solution suitable for ICP-OES analysis while minimizing the 

dissolution of the unhydrated fly ash. Dilute hydrochloric acid (HCl) was chosen as the 

solvent, as it readily dissolves hydrated silicates and aluminates and has minimal effects 

on unhydrated amorphous material and crystalline constituents of the investigated fly ash. 

Furthermore, solutions of dilute HCl may be easily analyzed using ICP-OES.  

An amount of hydrated fly ash sample was precisely weighed and emptied into a 

clean, dry 250ml beaker, and the ash was evenly distributed about the bottom of the 

beaker using a light swirling motion. 20ml of solvent was added to the beaker and 

allowed to bathe un-agitated for a pre-determined interval, after which a physical 

separation was carried out according to the procedures detailed in Section 4.4.1.4. 

Ethanol was not used for this separation. Instead, an additional 10ml of solvent was used 
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to wash the remaining solids from the beaker into the filter. The solvent was stored in 

sealed Nalgene bottles.  

A series of experiments was carried out with HCl concentrations varying from 

0.05M to 1M and time of dissolution varying from 1 minute to 30 minutes. First, a visual 

and audible inspection was carried out to determine the concentrations of HCl which 

caused an immediate reaction, as indicated by the formation of bubbles and a faint 

crackling sound. The mass of each dried un-dissolved solid was measured and compared 

to its mass prior to the HCl bath. Furthermore, each sample of the un-dissolved solid was 

prepared and analyzed using QXRD to determine the individual crystalline and bulk 

amorphous phase fractions. Finally, the samples were examined using high-resolution 

SEM and inspected for the presence of un-dissolved hydration product on the surface of 

the ash particles and any disintegration of the unhydrated amorphous material. 

It was found that a 15 minute bath in 0.1M HCl was optimal for dissolution of 

hydration product, while having little effect on the proportions of crystalline phases and 

integrity of the unhydrated amorphous phases. 

Select leached samples and a series of control samples were subject to the 

selective HCl dissolution procedure, the un-dissolved residue was analyzed using 

RQXRD, and the solvent was analyzed using ICP-OES. The results were plotted and 

changes in hydration product chemistry over time were examined and compared to solid 

phase fraction and leachate concentration data.  
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Chapter 5: Results and Discussion 

Experiments were conducted according to the procedures presented in Chapter 4.  

The crystalline and amorphous phases of the fly ash were qualitatively and quantitatively 

characterized. The respective reactivity of each of those phases was then investigated. 

The results of those experiments are presented and discussed in the following sections. 

Results of characterization of the constituent phases are first presented, followed by 

results of each facet of the phase reactivity investigation.  

5.1   CHARACTERIZATION OF CONSTITUENT PHASES 

5.1.1  Identification and Quantification of Crystalline Phases 

 
The presence and relative proportions of the crystalline phases present in the 

LEGS fly ash were determined through qualitative and quantitative x-ray diffraction 

techniques, as described in Chapters 2 and 4. 

5.1.1.1  Qualitative Results 

 
One sample of LEGS fly ash was prepared and analyzed as described in Section 

4.2.1, and qualitative analysis was performed according to the procedure detailed in 

Section 4.2.2.1. Peaks representing quartz, mullite, maghemite, periclase and rutile (the 

added internal standard) were easily identified in the diffraction pattern. Some poorly-

defined peaks corresponded to reported peak locations for ettringite. Given that calcium 

aluminates may hydrate in the presence of sulfates to form ettringite, its presence in the 

fly ash was considered. Storage conditions for fly ash may facilitate this hydration, as 
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reactive calcium aluminates and calcium sulfates may react upon wetting to form 

secondary products. 

Following an exhaustive comparison of reported peak locations for commonly 

found minerals to the experimental diffraction pattern, two well-defined peaks remained 

unidentified. The peaks were found to be representative of anatase, a low temperature 

polymorph of rutile (TiO2). It was concluded that the rutile used as an internal standard 

contained traces of anatase. This was confirmed through x-ray diffraction by analyzing 

the fly ash and the internal standard separately. The fly ash analysis did not indicate the 

presence of anatase; however, the analysis of the internal standard indicated the presence 

of approximately 5% anatase and 95% rutile. Fortunately, this was discovered before 

most of the samples had been prepared with the internal standard. The laboratory supply 

of rutile was heat-treated in an oven at 900°C for two hours to convert the anatase back 

into the high-temperature rutile polymorph. Subsequent diffraction analysis confirmed 

the absence of anatase from the internal standard. The internal standard was heat treated 

and analyzed bi-monthly to ensure purity.    

The diffractogram for the LEGS fly ash is shown in Figure 5.1. The representative 

diffraction peaks for each phase are labeled. The locations of the primary, secondary, and 

tertiary representative peaks, as reported in the International Center for Diffraction Data 

(ICDD) Powder Diffraction Database, are listed in Table 5.1, although not all of these 

peaks were necessarily evident in the experimental pattern. The broad hump, or “halo”, 

centered at approximately 26.5° 2θ on the diffractogram suggests the presence of a large 

amount of amorphous material.  
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Figure 5.1 Diffractogram of LEGS Fly Ash with Representative Peaks Labeled 

Table 5.1 Reported Peak Locations for Phases Present in LEGS Fly Ash Prepared with 
Internal Standard  

Peak Location (°°°°2θθθθ, Cu Kαααα) Phase 
Primary Secondary Tertiary 

Quartz 26.640 20.859 50.141 

Rutile 27.447 54.323 36.086 

Mullite 26.268 25.971 40.875 

Maghemite 35.631 30.241 62.926 

Periclase 42.917 62.303 109.764 

Ettringite 9.091 15.784 22.944 

Q – Quartz 
R – Rutile 
Mu – Mullite 
Ma – Maghemite 
P – Periclase 
E – Ettringite 
A - Anatase 
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5.1.1.2  Quantitative Results 

 
Following qualitative determination of the phases present in the LEGS fly ash, 

five samples were prepared and analyzed and the relative proportions of the crystalline 

phases present were determined according to the Rietveld QXRD procedure detailed in 

Section 4.2.2.2. Multiple samples were analyzed to assess the level of precision to which 

each of the phase fractions could be quantified. Each sample was taken from the same 

batch of fly ash, and was prepared independently of the others to account for error 

introduced through variability in sample preparation. The relative proportions of each of 

the crystalline phases and the bulk amorphous material determined for each of the five 

samples are reported in Table 5.2, along with the mean value and standard deviation for 

each phase. The values reported have been normalized according to Equations 4.1 and 4.2 

to account for the addition of internal standard.  

Table 5.2  Relative Proportions of Crystalline Phases and Bulk Amorphous Material 
Present in LEGS Fly Ash 

Relative Amounts in Samples (%) 
Phase 

1 2 3 4 5 
Mean Std. Dev. 

Quartz 16.818 16.927 16.013 16.204 15.888 16.370 0.474 
Mullite 3.566 3.537 3.766 3.663 3.569 3.620 0.094 
Maghemite 2.066 2.204 1.917 2.198 2.193 2.116 0.125 
Periclase 0.342 0.3880 0.351 0.377 0.359 0.362 0.017 
Ettringite 0.228 0.192 0.163 0.214 0.223 0.204 0.027 
Amorphous 76.982 76.760 77.790 77.344 77.767 77.328 0.461 

5.1.2  Identification and Quantification of Amorphous Phases 

The presence and relative proportions of all amorphous and some crystalline 

phases present in the LEGS fly ash were determined through scanning electron 
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microscopy (SEM), energy dispersive spectroscopy (EDS), and multispectral image 

analysis (MSIA) techniques, as described in Chapters 2 and 4. Considering the 

interdependence of these three methods, they will collectively be referred to as “MSIA.”  

5.1.2.1  Qualitative Results 

 
One sample of LEGS fly ash was prepared and analyzed as described in Section 

4.3.1, and the resulting images were processed as detailed in Section 4.3.2.1. Figure 5.2 

shows the raw element maps, as collected by the SEM/EDS system. At this point, the 

coloring scheme was arbitrary, as it may vary across EDS systems.  

To illustrate the processing steps and the resulting effects on the images, the 

calcium image will be featured. The raw, unprocessed calcium image is shown in Figure 

5.3. First, the image was converted to grayscale, eliminating the false coloring applied by 

the EDS system. The image was then cropped to remove the small title bar at the top of 

the image. The resulting grayscale image is shown in Figure 5.4. A median filter of radius 

1 was then applied to the image to reduce the pixilation, or “salt and pepper” effect. The 

filter reduced random noise in the image while preserving the edge detail of the particles. 

The resulting filtered image is shown in Figure 5.5. The low end background signal, or 

noise, was then clipped from the image using threshold values listed in Table 4.2. The 

resulting clipped image is shown in Figure 5.6. 
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Figure 5.2  Raw Element Maps of LEGS Fly Ash. ((a.) Silicon, (b.) Calcium, (c.) 
Aluminum, (d.) Magnesium, (e.) Potassium, (f.) Sodium, (g.) Iron), Field 
Width = 2050µm 

 

a. c. d. 

e. f. g. 

b. 
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Figure 5.3 Raw Element Map of Calcium in LEGS Fly Ash, Field Width = 2050µm 

 

 

 

 



 89 

 

 

Figure 5.4 Grayscale Image of Calcium in LEGS Fly Ash, Field Width = 2050µm 
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Figure 5.5 Median Filtered Grayscale Image of Calcium in LEGS Fly Ash, Field Width 
= 2050µm 
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Figure 5.6 Clipped Median Filtered Grayscale Image of Calcium in LEGS Fly Ash, 
Field Width = 2050µm 

 

Each image was preprocessed as described above and the elemental images were 

linked to form a multispectral image stack, indicative of the phases present in the sample. 

Two presentations of the stacked image are shown in Figures 5.7 and 5.8. Overlays of 
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only three elements may be displayed simultaneously, one each in red, green, and blue. 

Mutually exclusive combinations of these colors indicate individual material phases. 

Figure 5.7 shows an overlay of silicon, calcium, and aluminum, while Figure 5.8 shows 

an overlay of magnesium, potassium, and sodium.  
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Figure 5.7 Multispectral Overlay of Aluminum, Silicon, and Calcium (Red, Green, and 
Blue, Respectively), Field Width = 2050µm 
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Figure 5.8 Multispectral Overlay of Magnesium, Potassium, and Iron (Red, Green, and 
Blue, Respectively), Field Width = 2050µm 

 

Following combination of the elemental images, the multispectral image was 

visually inspected to roughly assess which phases may be present. A silicon-rich phase 

containing almost no impurities was common (bright green in Figure 5.7). This phase 
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exclusively featured angular boundaries, and thus was identified as crystalline quartz. 

Iron and magnesium rich phases were identified as maghemite (a ferrite spinel) and 

periclase, respectively, due their lower abundance and definitive morphology (bright red 

and blue, respectively in Figure 5.8). At higher magnifications, the spinel structure of the 

maghemite and the dendritic structure of the periclase were evident. A number of 

additional color combinations, and thus material phases, were evident in the image.  

For example, consider the image in Figure 5.7. A phase which appears as orange 

is a combination of green and blue channels, or the silicon and calcium images. 

Furthermore, a phase which appears as greenish purple is a combination of red, blue, and 

green channels, or the aluminum, calcium, and silicon images. Given the spherical 

morphology of the particles, it was assumed that these phases were calcium silicate 

glasses and calcium-aluminosilicate glasses, respectively. 

To supplement the purely visual qualitative analysis, a semi-quantitative 

multispectral approach was applied using the MultiSpec program. Following procedures 

of Lydon (2005b), an unsupervised clustering analysis was performed to identify the 

number of statistically determinable mutually exclusive phases. This was an iterative 

approach, as MultiSpec requires the user to input the number of phases, or clusters, into 

which the image will be segmented. For the first iteration, 21 clusters were specified, as 

this is three times the number of channels used to form the multispectral image, as 

suggested by Lydon. The analysis resulted in 21 phases being defined, with most having 

area fractions less than 3%, and some having area fractions less than 1%. A “principal 

components analysis,” performed within MultiSpec, revealed the relative contributions of 

each channel, or element, to each phase. Many of the defined phases appeared to be of 
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very similar composition. The focus of this work is to define major phase delineations; 

thus, the number of clusters was iteratively decreased until substantial compositional 

differences were noted through the principal components analysis. A visual inspection 

was conducted to ensure that the clusters suggested by MultiSpec were similar to those 

visually discernable in the image stack.  

Eight mutually exclusive phases were visually and statistically discernable 

through the analysis of the multispectral image. Quartz, periclase, and maghemite were 

identified as crystal phases due to their distinct composition and morphology and the lack 

of minor elements occurring in those phases. The remaining five phases were classified 

as amorphous phases due to their spherical morphology, indicating rapid cooling in the 

flue. The approximate composition of these phases was determined through visual image-

stack analysis and computerized principal components analysis. Three phases contained 

primarily calcium, aluminum, and silicon, but each phase exhibited distinctly different 

proportions of those elements. One phase contained primarily potassium, aluminum, and 

silicon; while another contained primarily sodium, aluminum, and silicon. Following the 

glass-polymerization principles outlined in Section 3.2.5, the amorphous phases were 

classified into the following five groups: 

• Calcium-Modified Aluminosilicate #1 (C-A-S 1) 

• Calcium-Modified Aluminosilicate #2 (C-A-S 2) 

• Calcium-Modified Aluminosilicate #3 (C-A-S 3) 

• Potassium-Modified Aluminosilicate (K-A-S) 

• Sodium-Modified Aluminosilicate (N-A-S) 
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In all of these cases, aluminum has likely served as a polymeric network addition 

to pure silica glass, resulting in aluminosilicate glass. Subsequently, a modifier cation, 

either Ca
2+

, K
+
, or Na

+
, balanced the non-bridging oxygen created during polymeric 

network substitution, as discussed in Chapter 3.  

5.1.2.2  Quantitative Results 

 
Following qualitative determination of the phases present in the fly ash, each 

phase was statistically defined, and a quantitative assessment was made to determine the 

relative proportions of each phase. First, using the supervised clustering analysis function 

of MultiSpec, user-defined training fields were specified for each phase. That is, for each 

phase qualitatively determined present, an example image area was selected which was 

representative of that phase. Following such definition of all phases, segmentation 

statistics were computed which delineated the statistical boundaries between phases.  

The statistical boundary rules were then applied to the entire image, and each 

pixel was assigned to a phase based on those rules. A group of neighboring pixels was 

defined to form a “cluster,” or fly ash particle, if the minimum cluster size was 3 pixels
2
. 

Given the approximate magnification of the EDS element maps as 2µm/pixel, this lends 

to approximate minimum detectable particle size of 6µm
2
, or approximately 6µm 

diameter. According to the particle size statistics for the LEGS fly ash, 33% of the fly ash 

particles are less than 6.5µm in diameter. Thus, this method of analysis excludes the 

smallest 33% of the fly ash particles. This was considered acceptable given that previous 

research (Hemmings and Berry 1986) has shown little correlation between particle size 

and chemical composition, and thus the larger 67% of the particles would likely be 
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compositionally representative of the fly ash. Furthermore, the volume of interaction 

between the electron beam of the SEM/EDS and the sample is of the micrometer order, 

so resolution of less than a few µm
2
 is not feasible (Goldstein 2003). Once 98% of the 

pixels had been assigned a phase and cluster, the image analysis was considered 

complete, a cluster map was generated showing the location of each cluster in the image, 

and a report was generated listing the relative proportion of each phase. The statistical 

probability of accurate classification was also computed for each phase. The cluster map 

is shown in Figure 5.9.  
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Figure 5.9 Cluster Map Showing Phase Distinction in LEGS Fly Ash, Field Width = 
2050µm 

 

Four samples were prepared and analyzed as described above. Multiple samples 

were analyzed to assess the level of precision to which each of the phase fractions could 

be measured. Each sample was taken from the same batch of fly ash, and was prepared 
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independently of the others to account for error introduced through variability in sample 

preparation. The relative proportions of each of the phases for each of the four samples 

are reported in Table 5.3, along with the range, mean value, and standard deviation for 

each phase. The area-fraction data determined through multispectral image analysis have 

been processed to yield proportions by mass as described in Section 4.2.2.2.  

Table 5.3 Relative Proportions of Crystalline and Amorphous Phases Present in LEGS 
Fly Ash As Determined by MSIA 

Relative Amounts in Samples (%) 
Phase 

1 2 3 4 
Mean Std. Dev. 

Quartz 17.35 17.86 17.51 18.01 17.68 0.31 
Maghemite 2.36 3.22 2.81 2.62 2.75 0.36 
Periclase 1.01 0.59 0.82 0.83 0.81 0.17 
C-A-S 1 46.65 47.62 46.59 46.87 46.93 0.48 
C-A-S 2 2.83 4.98 3.56 4.54 3.98 0.97 
C-A-S 3 28.73 22.87 26.98 25.37 25.99 2.49 
K-A-S 0.92 2.70 1.54 1.55 1.68 0.75 
N-A-S 0.16 0.15 0.18 0.20 0.17 0.02 

 

After the relative proportions of each phase were determined, the composition of 

each of the phases was investigated. An image set was acquired and processed in the 

manner described above; however neither the field of view of the EDS nor the scan 

conditions were changed during image processing. Once a cluster map was generated 

showing the locations of the phases, the EDS was configured to collect an elemental 

spectrum of five points belonging to each phase, for a total of 40 individual spot analyses. 

The spot spectra were collected for one minute each at an x-ray intensity of 

approximately 10,000 counts per second. The EDS system was calibrated with NIST 

reference standards K411 and K412 prior to the analysis. The results of the elemental 

analysis of each phase are presented in Table 5.4. The phase fractions may not total 100% 
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due to traces of impurities present in the sample. The elemental analyses of quartz (SiO2), 

maghemite (Fe2O3) and periclase (MgO) show the presence of elements other than the 

principal constituents of these phases. This is likely caused by substrate interference, as 

these crystalline phases are relatively small in size and are mixed within or deposited on 

the surface of the principal amorphous phases.  

Table 5.4 Elemental Analysis of Phases Determined through MSIA, Expressed as 
Oxides 

Oxide in Sample (%) 
Phase Element 

1 2 3 4 5 
Mean Std. Dev. 

SiO2 99.34 95.28 97.96 99.32 95.15 97.98 2.08 
Quartz 

Al2O3 0.65 4.72 2.04 0.68 4.85 2.02 2.08 

Fe2O3 93.05 92.86 92.95 93.11 92.6 92.91 0.199 

SiO2 3.83 3.95 4.17 3.57 4.58 4.02 0.380 

Al2O3 2.41 2.09 2.39 2.37 1.88 2.22 0.234 
Maghemite 

CaO 0.7 1.09 0.47 0.94 0.93 0.826 0.242 

MgO 87.94 88.21 88.21 94.35 86.63 89.06 3.02 

CaO 10.6 10.2 10.2 5 9.17 9.03 2.31 

Al2O3 1.38 0.91 0.91 0.557 3.1 1.37 1.00 
Periclase 

SiO2 0.08 0.63 0.64 0.07 0.73 0.43 0.326 

CaO 38.48 54.24 50.39 45.68 48.18 47.39 5.89 

Al2O3 37.79 31.25 33.67 41.76 31.81 35.25 4.44 C-A-S 1 

SiO2 23.73 14.46 15.93 12.56 20 17.33 4.50 

CaO 87.02 76.33 72.78 85.6 84.21 81.18 6.26 

Al2O3  8.45 17.24 16.64 9.83 7.99 12.03 4.53 C-A-S 2 

SiO2 4.52 6.42 10.44 4.56 7.8 6.74 2.47 

CaO 14.63 14.42 14.45 17.79 14.44 15.14 1.48 

Al2O3 68.38 67.22 64.7 63.65 69.85 66.76 2.56 C-A-S 3 

SiO2 16.99 18.36 20.8 18.53 15.71 18.08 1.90 

K2O 68.27 72.88 75.92 77.19 73.72 73.59 3.43 

Al2O3 23.8 18.49 15.11 15.01 14.42 17.36 3.93 K-A-S 

SO3 7.4 8.3 8.78 7.8 11.49 8.75 1.61 

Na2O 92.44 94.79 95.21 91.85 90.27 92.91 2.06 

Al2O3 5.2 3.56 3.91 5.2 7.42 5.05 1.51 N-A-S 

SiO2 2.26 1.66 0.78 2.89 2.31 1.98 0.799 
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5.1.3  Discussion 

The crystalline phases of the LEGS fly ash have been characterized by 

quantitative x-ray diffraction and the amorphous phases have been characterized by 

electron microscopy/energy dispersive spectroscopy coupled with multispectral image 

analysis. Qualitative crystalline phase analysis was perhaps the most objective analysis 

conducted, while quantitative analysis of crystalline phases and qualitative and 

quantitative analysis of amorphous phases proved subject to procedural details and 

analytical assumptions. Peculiarities and challenges of each method are discussed next, 

and a comparison of the two analytical methods is presented. The composition of the 

amorphous phases is also discussed.  

Qualitative crystalline phase analysis was straightforward, as well-documented 

methods for crystalline phase analysis were adapted and applied to fly ash. 

Comprehensive discussions found in the literature regarding crystalline phases commonly 

found in fly ash facilitated qualitative analysis. However, rigorous quantitative analysis 

of crystalline phases faced some obstacles. The largely amorphous composition of fly ash 

necessitated lengthy scan times to collect enough diffracted x-rays to sufficiently resolve 

representative peaks of minor phases. Even after unusually lengthy scans, peaks for 

mullite, maghemite, and periclase were poorly resolved. In the case of mullite, this may 

have been caused by poor crystallinity of the material. As discussed in Section 3.2.4.2, 

mullite forms in fly ash by crystallization of molten aluminosilicate upon cooling in the 

flue. If the melt cools slowly enough to allow crystallization but too rapidly for the atoms 

to relax into their optimum crystalline configuration, a poorly-ordered, or -crystalline 

structure will result. The diffraction process would thus be hindered, and diffraction 
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peaks would be less resolvable. In the cases of periclase and maghemite, low proportions 

relative to the bulk and overlap of peaks representative of those phases by peaks 

representing major phases may have caused the poor intensities of the low-concentration 

crystalline constiteunts. Modification of reported Rietveld analysis procedures for 

cementitious systems (Roode-Gutzmer and Ballim 2001) resulted in suitable quantitative 

analysis of the crystalline phases identified in the fly ash. However, such analysis proved 

time-consuming given the lengthy scan time and detailed analysis procedure. 

Both qualitative and quantitative analysis of the amorphous phases in the fly ash 

required some subjectivity and creativity. A sufficient sampling method had to be 

developed such that the phase proportions determined were representative of the bulk 

ash. This was accomplished by acquiring and analyzing EDS element maps of sizes 

ranging from 256 pixel
2
 to 1024 pixel

2
. Multiple image sets at each size were collected, 

each of a different field of view of the sample. Upon analysis, it was found that only as 

the image size approached 768 pixel
2
 were the statistics similar from one image set to 

another. Conservatively, 1024 pixel
2
 images were collected for this research. Analysis of 

four 1024 pixel
2
 image sets shows very good agreement, and thus, one 1024 pixel

2
 image 

was considered sufficient for amorphous phase investigation through multispectral image 

analysis for each specimen examined. Additionally, averaging multiple fields did not 

appear to yield substantial improvement in the results; therefore, a single field was 

deemed appropriate for sampling. 

As expected, some of the crystalline phases were resolved through the 

multispectral image analysis and thus were included in the phase statistics. The detection 

of these phases proved useful in evaluating the accuracy of the analysis method, as the 
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phase fractions determined through multispectral image analysis could be compared to 

those determined through Rietveld quantitative x-ray diffraction. Furthermore, the 

crystalline phase proportions could easily be excluded from the multispectral imaging 

results through renormalization (Equation 4.6). Crystalline maghemite and periclase were 

detected by SEM/EDS and well defined through the MSIA procedure, however mullite 

and ettringite were not. Distinct crystals of mullite were not apparent, likely due to its 

poorly crystalline nature, described earlier. The crystallinity of the mullite in the fly ash 

was likely of short order, and thus not repetitive over the micrometer-order resolution of 

the MSIA technique. Thus, the crystalline mullite contained in the sample was considered 

to be dispersed among the aluminosilicate phases determined through MSIA. Ettringite 

crystals were also not apparent through the MSIA, likely due to their small size and 

exceptionally small proportion relative to the bulk. The exclusion of ettringite from the 

MSIA was considered insignificant. 

As previously stated, the inclusion of some crystalline phases in the MSIA allows 

comparison between the XRD and MSIA analyses. The bulk amorphous and crystalline 

fractions determined by each method may be compared, along with the individual 

crystalline phase fractions. Comparisons are made based upon the mean results of 5 

replicate samples analyzed by XRD and single-fields of 4 replicate samples analyzed by 

MSIA.  The bulk material comparison is shown in Table 5.5. It should be noted that the 

amorphous fraction as determined by MSIA may include microcrystalline mullite. 

However, this can not be confirmed and the mullite fraction as determined by XRD was 

not subtracted from the bulk amorphous fraction or added to the bulk crystalline fraction 

as determined by MSIA to preserve the independence of the analytical methods. A 
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comparison of the individual crystalline phase fractions as determined by the two 

analytical methods is shown in Table 5.6. The results obtained from each method are 

similar. 

Table 5.5  Comparison of Bulk Phase Composition between XRD and MSIA Methods 

 

Phase Amount (%) 
Bulk Phase 

XRD MSIA 

Amorphous 77.33 78.75 

Crystalline 22.67 21.55 

  

Table 5.6  Comparison of Individual Crystalline Phase Composition between XRD and 
MSIA Methods 

 

Phase Amount (%) 
Phase 

XRD MSIA 

Quartz 16.37 17.68 

Maghemite 2.12 2.75 

Periclase 0.36 0.81 

  

Finally, the distinction between the individual amorphous phases should be 

discussed. As shown in Table 5.4, the alkali-modified glasses are largely composed of the 

alkali modifier, and thus exhibit greater polymeric disorder than lesser-modified glasses. 

The calcium-modified glasses each exhibit vastly different CaO/SiO2 and CaO/Al2O3, as 

shown in Table 5.7. For the purposes of this research, C-A-S 1 has been classified an 

intermediate-calcium glass, C-A-S 2 has been classified a high-calcium glass, and C-A-S 

3 has been classified a low-calcium glass.  
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Table 5.7 CaO/Al2O3 and CaO/SiO2 Ratios of the Calcium-Modified Aluminosilicate 
Glasses 

 

Ratio in Sample 
Glass Ratio 

1 2 3 4 5 
Mean Classification 

C/A 1.02 1.74 1.50 1.09 1.51 1.34 
C-A-S 1 

C/S 1.62 3.75 3.16 3.64 2.41 2.73 
Intermediate-Calcium 

C/A 10.30 4.43 4.37 8.71 10.54 6.75 
C-A-S 2 

C/S 19.25 11.89 6.97 18.77 10.80 12.03 
High-Calcium 

C/A 0.21 0.21 0.22 0.28 0.21 0.23 
C-A-S 3 

C/S 0.86 0.79 0.69 0.96 0.92 0.84 
Low-Calcium 

 

5.2   REACTIVITY OF CONSTITUENT PHASES 

 
The constituent phases of the LEGS fly ash have been qualitatively and 

quantitatively characterized. The reactivity of each of those phases was investigated by 

subjecting the fly ash to controlled aqueous solutions of varying alkalinity and ionic 

concentration. As discussed in Section 4.4.1.1, the solutions used for the reactivity 

investigation include early- and late-age simulated pore solution, actual pore solution 

extract, 0.5M sodium hydroxide solution, and ultrapure water. The fly ash samples were 

physically separated from each solution at pre-determined time intervals, mass change 

was measured, and the composition was analyzed using the previously described 

analytical techniques.  

Distinct changes in mass and composition were noted in the fly ash subjected to 

each solution over time. The leachate solution was also analyzed at each timestep to 

determine changes in ionic concentration. It should be noted that no significant 

compositional differences were found at timesteps shorter than one day. Also, analysis of 
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leachate solutions from these timesteps proved difficult as the fly ash-solution system 

equilibrated. Thus, compositional and solution concentration data from timesteps shorter 

than one day will not be presented. However, mass changes and solution pH at these 

early timesteps will be discussed.  

Graphs are presented in the following sections to graphically illustrate 

compositional changes in the fly ash over time. The lines connecting the data points serve 

only to guide the eye, and do not necessarily suggest the location of intermediate data 

points. In some cases, the y-axes have been compressed to best illustrate the data. 

5.2.1  Mass Change 

 

The reactivity of the fly ashes was preliminarily assessed by examining the mass 

changes of the samples at every extraction timestep. A net negative mass change 

indicated dissolution of the fly ash, while a net positive mass change indicated in-situ 

precipitation of hydration product. The mass change data are presented in Table 5.8 and 

shown graphically in Figure 5.10.  
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Table 5.8 Mass Change of Fly Ash Subjected to Leachate Solutions 

Mass Change (%) 
Time (d) 

Simulated Actual NaOH Water 

1 -1.24 -6.15 7.27 -- 

3 -1.98 -- -- -- 

7 -2.12 -3.85 -- -- 

14 -2.85 -- 10.42 -4.87 

28 -3.86 -2.94 8.72 -6.02 

56 -3.19 -- 8.48 -6.24 

90 -2.29 -2.61 -- -5.60 

180 10.54 -1.02 -- -3.68 

270 11.13 5.36 -- 3.21 

365 9.81 6.71 -- 2.70 
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Figure 5.10 Mass Change of Fly Ash Subjected to Leachate Solutions 
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The change in mass of the samples subjected to simulated pore solution, actual 

pore solution, and ultrapure water followed the same general trend of initial mass loss 

followed by mass gain. The trends for the simulated pore solution and ultrapure water 

were most similar, with a decrease in mass from 1 to 28 days followed by an increase 

from 28 to 270 days, then a minor, perhaps insignificant, decrease. The mass of the 

samples subjected to the actual pore solution extract decreased rapidly during the first 

day, increased from 1 to 28 days, remained relatively constant from 28 to 56 days, and 

increased from 56 to 365 days. The initial mass loss and subsequent mass gain exhibited 

by samples subjected to simulated pore solution, actual pore solution, and ultrapure water 

indicates initial dissolution of the fly ash followed by precipitation of hydration products.  

The rapid mass gain of the samples subjected to the sodium hydroxide solution 

was not expected, and is assumed to be an artifact of the experimental procedure. The 

sodium hydroxide solution was quite viscous, and was thus difficult to wash from the fly 

ash following separation. This likely caused sodium hydroxide to crystallize on the 

surface of the fly ash particles upon cooling, resulting in the net mass gain. Conclusions 

regarding reactivity were not drawn from these data.  

5.2.2  Reactivity of Crystalline Phases 

 
The reactivity of the originally occurring crystalline phases and crystalline 

hydration products were investigated by Rietveld QXRD. Following physical separation, 

sample preparation, and analysis, the crystalline phase fractions were determined at each 

timestep for each solution. The bulk amorphous fraction was calculated by difference.  
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5.2.2.1  Simulated Pore Solution 

 
A solution was made from reagent grade raw materials, as discussed in Section 

4.4.1.1, to mimic the ionic concentrations of concrete pore solutions at early and late-

ages. The individual crystalline phase fractions and bulk amorphous fraction of the LEGS 

fly ash extracted from the simulated pore solution at each timestep are presented in Table 

5.9. The changes in the crystalline phase fractions are shown in Figure 5.11, and the 

change in bulk amorphous fraction is shown in Figure 5.12. Data for ettringite are not 

included in Figure 5.11 for clarity. Due to the relatively small detected proportion of 

ettringite, the likelihood of detecting changes in its relative proportion in the untreated fly 

ash and fly ash treated with simulated pore solution is questionable.   

Table 5.9 Crystalline and Bulk Amorphous Phase Fractions in Simulated Pore 
Solution 

 

Phase (%) 
Time (d) 

Quartz Mullite Maghemite Ettringite Periclase Amorphous 

0 16.41 3.61 2.09 0.20 0.36 77.32 

1 17.10 3.82 2.45 0.20 0.51 75.90 

3 17.73 3.78 2.43 0.22 0.29 75.55 

7 17.52 4.14 2.22 0.29 0.41 75.42 

14 17.06 4.54 2.80 0.26 0.44 74.90 

28 17.86 4.01 2.90 0.18 0.37 74.67 

56 17.05 3.61 2.46 0.26 0.33 76.29 

90 17.13 3.64 2.32 0.20 0.44 76.27 

180 16.57 3.42 2.13 0.23 0.41 77.26 

270 15.66 3.49 1.97 0.00 0.60 78.29 

365 13.37 3.51 1.97 0.01 0.57 80.57 
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Figure 5.11 Changes in Crystalline Phase Fractions over Time in Simulated Pore 
Solution  
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Figure 5.12 Changes in Bulk Amorphous Phase Fraction over Time in Simulated Pore 
Solution  

 
The crystalline phases present in the LEGS fly ash are assumed to be inert in the 

aqueous media used in this test program. However, the data indicate fluctuation in the 

phase fractions of quartz, mullite, and maghemite from 1 to 56 days and a gradual 

decrease in these phase fractions from 56 to 365 days. Assuming the crystalline phases 

are, in fact, inert, the fluctuations in crystalline phase fractions are a direct result of the 

expected changes in the bulk amorphous fraction. Given that the phase fractions must 
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total 100%, any fluctuation in the bulk amorphous fraction would cause an inverse 

fluctuation in the other phase fractions.  

The most relevant fluctuations observed are those of the bulk amorphous phase 

fraction. As shown, the bulk amorphous fraction decreases sharply from 1 to 28 days, 

then increases sharply from 28 to 365 days. These trends indicate dissolution of some of 

the amorphous fly ash material from 1 to 28 days and precipitation of amorphous 

hydration product from 28 to 365 days. Unfortunately, the x-ray diffraction method can 

not be used to discern between original amorphous fly ash phases and precipitated 

hydration product. However, this difference has been considered and will be discussed 

later. The bulk amorphous phase fraction data suggest that fly ash is hydrating in the 

simulated pore solution.  

5.2.2.2  Actual Pore Solution 

 

Pore solution extracted from hydrating cement paste was used to investigate 

reactivity of fly ash in a realistic system. The individual crystalline phase fractions and 

bulk amorphous fraction of the LEGS fly ash extracted from actual pore solution at each 

timestep are presented in Table 5.10. The changes in the crystalline phase fractions are 

shown in Figure 5.13, and the change in bulk amorphous fraction is shown in Figure 

5.14.  
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Table 5.10 Crystalline and Bulk Amorphous Phase Fractions in Actual Pore Solution 

 

Phase (%) 
Time (d) 

Quartz Mullite Maghemite Ettringite Periclase Amorphous 

0 16.41 3.61 2.09 0.20 0.36 77.32 

1 15.48 6.60 2.30 1.33 0.37 73.92 

7 14.95 6.22 2.19 1.31 0.37 74.96 

28 14.78 5.68 2.10 1.91 0.32 75.20 

90 13.82 4.78 2.07 1.51 0.15 77.68 

180 12.28 4.36 1.89 2.62 0.22 78.62 

270 10.71 4.24 1.20 3.74 0.17 79.94 

365 8.28 4.18 1.15 4.00 0.25 82.13 
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Figure 5.13 Changes in Crystalline Phase Fractions over Time in Actual Pore Solution  
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Figure 5.14 Changes in Bulk Amorphous Phase Fraction over Time in Actual Pore 
Solution  

 

As stated previously, the crystalline phases present in the untreated fly ash are 

assumed to be inert in an aqueous medium and therefore fluctuation in the relative 

proportions of these phases was attributed to expected fluctuation in the bulk amorphous 

fraction. However, non-trivial quantities of ettringite were detected in fly ash samples 

which had been subjected to the actual pore solution. In this case, ettringite was 

considered to be a crystalline product of the hydration of the fly ash and is therefore 

included in Figure 5.13. Fluctuations in the proportions of crystalline phases other than 
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ettringite were assumed to be directly caused by fluctuations in the bulk amorphous 

fraction and the ettringite fraction.  

The most relevant fluctuations observed are those of the bulk amorphous phase 

fraction and the ettringite fraction. As shown, the bulk amorphous fraction decreases 

sharply during the first day, then increases to 365 days. These trends indicate rapid 

dissolution of some of the amorphous fly ash material during the first day and 

precipitation of amorphous hydration product from 1 to 365 days. Furthermore, the 

ettringite fraction increases at a relatively steady rate from 1 to 365 days, indicating 

precipitation of the crystalline hydration product. Both bulk amorphous and crystalline 

phase fraction data indicate that the fly ash is hydrating when subjected to the actual pore 

solution.  

5.2.2.3  Sodium Hydroxide 

 
Sodium hydroxide (0.5M) solution was used to evaluate the appropriateness of 

accelerated testing in an idealized alkaline solution, free of other ions commonly found in 

actual concrete pore solutions. The individual crystalline phase fractions and bulk 

amorphous fraction of the LEGS fly ash extracted from the sodium hydroxide solution at 

each timestep are presented in Table 5.11. The changes in the crystalline phase fractions 

are shown in Figure 5.15, and the change in bulk amorphous fraction is shown in Figure 

5.16.  
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Table 5.11 Crystalline and Bulk Amorphous Phase Fractions in Sodium Hydroxide 
Solution 

 

Phase (%) 
Time (d) 

Quartz Mullite Maghemite Ettringite Periclase Vaterite Calcite Amorphous 

0 16.41 3.61 2.09 0.20 0.36 0.00 0.00 77.32 

1 12.25 3.91 0.99 0.86 0.00 4.27 1.80 75.92 

7 14.27 4.37 1.25 0.91 0.00 5.71 1.95 71.54 

14 14.11 4.22 0.90 0.80 0.00 3.27 2.26 74.44 

28 15.26 3.89 1.14 0.94 0.00 1.34 2.52 74.91 
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Figure 5.15 Changes in Crystalline Phase Fractions over Time in Sodium Hydroxide 
Solution 
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Figure 5.16 Changes in Bulk Amorphous Phase Fraction over Time in Sodium 
Hydroxide Solution 

 
 

Again, the crystalline phases present in the untreated fly ash are assumed to be 

inert in an aqueous medium and therefore fluctuation in the relative proportions of these 

phases was attributed to expected fluctuation in the bulk amorphous fraction. However, 

periclase was not detected in any of the ashes treated with the sodium hydroxide solution. 

Since periclase is soluble in very high-alkali environments (Weast 1988), such as 

concentrated sodium hydroxide, it was assumed to have dissolved by the first sampling 

point at 1 day. Periclase was thus excluded from Figure 5.15 for clarity. Non-trivial 
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quantities of ettringite were again detected in fly ash samples which had been subjected 

to the sodium hydroxide solution. In this case, ettringite was considered to be a 

crystalline product of the hydration of the fly ash. Furthermore, substantial quantities of 

calcite (CaCO3) and vaterite (CaCO3) were detected in the samples treated with the 

sodium hydroxide solution. Like ettringite, calcite and vaterite are probably not original 

to the fly ash, and may have formed as a result of carbonation of portlandite, which could 

occur due to hydration of free lime. Both calcite and vaterite have been included in 

Figure 5.15.   

As shown, the bulk amorphous fraction decreases from days 1 to 7 then increases 

to 28 days. These trends indicate rapid dissolution of some of the amorphous fly ash 

material during the first 7 days and precipitation of amorphous hydration product from 7 

to 28 days. Vaterite is a metastable polymorph of calcite, and may have formed as a 

product of the fly ash reaction with the sodium hydroxide. Since calcite is a more stable 

phase of calcium carbonate, the vaterite fraction decreased with time as it likely 

transformed into calcite. In this case, ettringite, vaterite, and calcite were considered 

crystalline products of the fly ash hydration. These trends indicate rapid dissolution of 

some of the amorphous fly ash material during the first 7 days and subsequent 

precipitation of crystalline and amorphous hydration products. Both bulk amorphous and 

crystalline phase fraction data indicate the hydration of the fly ash subjected to the 

sodium hydroxide solution. Since sodium hydroxide leaching is considered an 

accelerated test method, no data were collected past 28 days. 
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5.2.2.4  Ultrapure Water 

 
Ultrapure water was used as a control solution to which the results from the 

alkaline solutions would be compared. The individual crystalline phase fractions and bulk 

amorphous fraction of the LEGS fly ash extracted from actual pore solution at each 

timestep are presented in Table 5.12. The changes in the crystalline phase fractions are 

shown in Figure 5.17, and the change in bulk amorphous fraction is shown in Figure 

5.18.  

Table 5.12 Crystalline and Bulk Amorphous Phase Fractions in Ultrapure Water 

 

Phase (%) 
Time (d) 

Quartz Mullite Maghemite Ettringite Periclase Amorphous 

0 16.41 3.61 2.09 0.20 0.36 77.32 

1 17.86 3.75 2.50 0.35 0.42 75.11 

14 18.14 3.92 2.77 0.41 0.39 74.38 

28 18.32 3.88 2.96 0.52 0.32 74.01 

56 17.39 3.72 2.81 0.56 0.30 75.22 

90 16.82 3.70 2.86 0.48 0.31 75.83 

180 16.86 3.66 2.37 0.56 0.27 76.27 

270 13.55 3.67 2.18 0.98 0.30 79.33 

365 13.49 3.55 2.25 0.98 0.26 79.47 

 

 

 



 123 

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

20.00

0 50 100 150 200 250 300 350 400

Time (d)

P
h

a
s
e

 F
ra

c
ti

o
n

 (
%

)
Quartz

Mullite

Maghemite

Ettringite

Periclase

 

Figure 5.17 Changes in Crystalline Phase Fractions over Time in Ultrapure Water 
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Figure 5.18 Changes in Bulk Amorphous Phase Fraction over Time in Ultrapure Water 

 

No compositional fluctuation was expected in the fly ash subjected to ultrapure 

water. However, significant fluctuations were observed. Again, the fluctuations in the 

crystalline phases present in the untreated fly ash are attributed to expected fluctuation in 

the bulk amorphous fraction. The most notable fluctuation is that of the bulk amorphous 

fraction. The bulk amorphous fraction decreases from 1 to 28 days then increases from 28 

to 365 days. This trend is indicative of a period of rapid dissolution of some of the 

amorphous fly ash material during the first 28 days followed by precipitation of 

amorphous hydration product until 365 days. The ettringite fraction gradually increased 
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from 1 to 365 days, indicating precipitation of this crystalline hydration product.  

Although ultrapure water was chosen as a control solution in which no reaction was 

expected, both bulk amorphous and crystalline phase fraction data indicate hydration of 

the fly ash.  

5.2.2.5  Summary and Discussion 

 
Data from crystalline phase analysis of fly ash subjected to various solutions from 

time periods ranging from 1 day to 365 days have been presented. The crystalline phases 

quartz, mullite, maghemite, and periclase were present and traces of ettringite may have 

also been detected in the raw, unreacted fly ash. With the exception of ettringite, a 

product of calcium aluminosilicate hydration in the presence of sulfate, the crystalline 

phases were assumed to be non-reactive. Thus, changes in each system were attributed to 

dissolution of amorphous fly ash material and subsequent precipitation of amorphous and 

crystalline hydration products. The amorphous hydration product chemistry could not be 

determined using x-ray diffraction, but the crystalline hydration products were identified. 

All of the leachate solutions resulted in hydration of the fly ash. This was observed 

through similar trends in the mass change of the samples, the bulk amorphous phase 

fraction and the crystalline hydration product phase fractions.  

Similar trends were noticed in the compositions of the fly ashes subjected to all of 

the solutions. Each solution resulted in an initial period of amorphous phase dissolution 

then a period of amorphous phase precipitation. Compositional trends were very similar 

between fly ashes subjected to the actual pore solution extract and the sodium hydroxide 

solution. Surprisingly, similarities were also noted between the respective behaviors of 
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fly ashes subjected to the simulated pore solution and the ultrapure water. These 

similarities are shown in Figure 5.19, a plot of the early changes in amorphous phase 

fraction over time in each of the solutions.  
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Figure 5.19 Early Changes in Amorphous Phase Fraction over Time in all Leachate 
Solutions 

 

The fly ashes subjected to the actual pore solution and the sodium hydroxide 

solution both exhibited a transition between rapid dissolution of amorphous phases and 

rapid precipitation of amorphous hydration product followed by more gradual 



 127 

precipitation. The actual pore solution seemed to react with the fly ash more quickly, but 

the sodium hydroxide solution reacted to a greater degree, causing a greater fraction of 

dissolved amorphous phases. This brings into question the appropriateness of accelerated 

testing in sodium hydroxide solutions, given that it appears to cause dissolution of more 

amorphous material than an actual pore solution. Furthermore, the rate of dissolution 

actually appears less than that in the actual pore solution. Crystalline hydration products 

were identified in fly ashes subjected to both solutions. Ettringite was present in samples 

extracted from both solutions, and calcite and vaterite were present in samples extracted 

from the sodium hydroxide solution. This again brings into question the accelerated 

sodium hydroxide testing, given that substantial amounts of two crystalline hydration 

products were formed as a result of the fly ash reacting with this solution. These 

hydration products were not identified in samples subjected to any of the other three 

solutions. 

The fly ashes subjected to the simulated pore solution and the ultrapure water 

both showed signs of rapid dissolution. Surprisingly, water appears to be the more 

aggressive solvent, with respect to both rate of dissolution and mass of dissolution. The 

fly ashes subject to both solutions experienced gradual precipitation of amorphous 

hydration product following the initial rapid dissolution. No crystalline hydration 

products were identified in these samples. The aggressiveness of the ultrapure water as 

compared to the simulated pore solution is surprising. A rapid increase in pH of the 

ultrapure water from ≈7.5 to ≈10.9 was noted immediately upon mixing with the fly ash, 

perhaps due to the rapid dissolution of traces of alkali salts deposited on the surface of the 

fly ash particles. The resulting alkalinity could explain some aggressiveness. However, 
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the pH of the less-aggressive simulated pore solution ranged from ≈13.2 to ≈13.5. The 

decreased aggressiveness of the more alkaline solution is perplexing.  

The mass change data correlate well with the amorphous phase fraction data for 

samples subjected to the simulated pore solution, actual pore solution, and ultrapure 

water. Thus, the changes in mass are thought to be primarily caused by changes in the 

amorphous phase fraction. Given the anomalous mass change data for the samples 

subjected to sodium hydroxide, such a correlation could not be determined. Also, the 

mass change data confirm that the ultrapure water was a more aggressive solvent than the 

sodium hydroxide solution. 

5.2.3  Reactivity of Amorphous Phases 

 

The respective reactivities of the individual amorphous phases were investigated 

by MSIA. Following physical separation, sample preparation, and analysis, the individual 

amorphous phase fractions were determined at each timestep for each solution. 

Additionally, phase fractions of three of the crystalline phases present were measured 

using this technique. Although leaching was carried out to 365 days in the simulated and 

actual pore solutions and the ultrapure water, the samples for the 270 and 365 day data 

points were destroyed due to accidental overheating during the epoxy curing process. 

Only data to 180 days are presented. The contribution of the data at 270 and 365 days is 

probably only of limited significance, given that the system appears most dynamic at the 

early ages.  
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Data presented in this section have been converted from area fractions to mass 

fractions and re-scaled to remove the epoxy background from the imaging statistics, as 

described in Section 4.2.2.2. The alkali-aluminosilicate amorphous phases N-A-S and K-

A-S occurred in small proportions to the bulk and, as expected, exhibited similar 

behavior with respect to reactivity. Therefore, the phase fractions for each have been 

combined into one alkali aluminosilicate category, N/K-A-S.  

Upon preliminary analysis of the data presented in the following sections, it was 

noted that the crystalline phase fractions increase as one or more of the amorphous phase 

fractions decrease. Given that the crystalline phases are inert in the solutions used for this 

study, the apparent increase in crystalline phase fraction is a direct result of the decrease 

in amorphous phase fractions, since all phases must total 100%. To analyze the actual 

behavior of the amorphous phases with respect to their original distribution in the bulk, 

the bulk crystalline phase fraction was used as a reference standard and held constant for 

every timestep. The bulk crystalline phase fraction was taken as the sum of the fractions 

of the three crystalline phases detectable through MSIA. The mean of four measurements 

on untreated fly ash was used, and the data were renormalized as follows:  

 , ,i t i t

t

c
p m

c

 
=  

 
 (4.8) 

where ,i t
p  is the phase fraction of phase i  at timestep t , ,i t

m  is the normalized mass 

fraction of phase i  at timestep t  (from Section 4.2.2.2), c  is the sum of the crystalline 

phase fractions detected by MSIA for the untreated ash, and 
t

c  is the sum of the 

crystalline phase fractions detected by MSIA at timestep t . Both raw mass fraction data 
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and data calculated using crystalline content as a reference standard are presented. Charts 

are presented in the following sections to graphically illustrate compositional changes in 

the amorphous fly ash phases over time. The lines connecting the data points serve only 

to guide the eye, and do not necessarily suggest the location of intermediate data points. 

In some cases, the y-axes have been compressed to best illustrate the data. 

5.2.3.1  Simulated Pore Solution 

 
The phase fractions, as determined through MSIA, of the LEGS fly ash extracted 

from the simulated pore solution at each timestep are presented in Table 5.13. The mass 

fractions calculated using crystalline content as a reference standard are presented in 

Table 5.14, along with the sum of the fraction lost of each of the amorphous phases. The 

“∑ Loss” value represents the total mass of amorphous material that has dissolved at each 

timestep. The changes in the amorphous phase fractions calculated using crystalline 

content as a reference standard are shown in Figure 5.20.  

Table 5.13 Phase Fractions in Simulated Pore Solution, Determined by MSIA 

 

Phase (%) 

Amorphous Crystalline Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S Quartz Maghemite Periclase Sum 

0 46.63 2.93 28.22 1.03 17.59 2.79 0.80 21.19 

1 47.01 1.97 27.16 2.48 16.36 4.17 0.85 21.38 

28 50.66 0.72 24.48 0.42 18.65 4.14 0.94 23.72 

56 50.64 0.51 24.45 0.35 19.56 4.14 0.36 24.06 

180 50.33 0.17 24.67 0.45 20.11 3.52 0.76 24.38 
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Table 5.14 Amorphous Phase Fractions in Simulated Pore Solution, Crystalline Content 
Used as Datum 

 

Amorphous Phase (%) 
Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S 
∑ Loss 

0 46.63 2.93 28.22 1.03 0.00 

1 46.58 1.95 26.91 2.46 0.91 

28 45.24 0.64 21.86 0.37 10.70 

56 44.60 0.45 21.53 0.31 11.93 

180 43.73 0.15 21.44 0.39 13.10 
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Figure 5.20 Changes in Amorphous Phase Fractions over Time in Simulated Pore 
Solution, Crystalline Content used as Datum 
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As shown, the fraction of C-A-S 1 decreases slightly over time, when normalized 

using crystalline content as a reference standard, at a relatively constant rate. The C-A-S 

2 and N/K-A-S fractions decrease during the first 28 days, then decrease at a lesser rate, 

approaching 0% at 180 days. The C-A-S 3 fraction decreases sharply during the first 28 

days, then remains relatively constant from 28 to 180 days.  

The data suggest little dissolution of C-A-S 1, partial dissolution of C-A-S 3, and 

near total dissolution of C-A-S 2 and N/K-A-S in the simulated pore solution. Most of the 

dissolution appears to take place during the first 28 days. 

5.2.3.2  Actual Pore Solution 

 
The mass fractions, as determined through MSIA, of the LEGS fly ash extracted 

from the actual pore solution at each timestep are presented in Table 5.15. The mass 

fractions calculated using crystalline content as a reference standard are presented in 

Table 5.16, along with the sum of the fraction lost of each of the amorphous phases. The 

changes in the amorphous phase fractions are shown in Figure 5.21. 

Table 5.15 Phase Fractions in Actual Pore Solution, Determined by MSIA 

 

Phase (%) 

Amorphous Crystalline Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S Quartz Maghemite Periclase Sum 

0 46.63 2.93 28.22 1.03 17.59 2.79 0.80 21.19 

1 51.55 0.97 22.92 1.02 20.00 2.86 0.67 23.54 

28 52.14 0.22 22.14 0.79 20.62 2.96 1.12 24.70 

180 51.06 0.08 23.84 0.40 21.10 2.66 0.86 24.62 
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Table 5.16 Amorphous Phase Fractions in Actual Pore Solution, Crystalline Content 
used as Datum 

 

Amorphous Phase (%) 
Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S 

∑ 
Loss 

0 46.63 2.93 28.22 1.03 0.00 

1 46.40 0.87 20.63 0.92 9.98 

28 44.71 0.19 18.99 0.68 14.24 

180 43.94 0.07 20.52 0.35 13.94 
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Figure 5.21 Changes in Amorphous Phase Fractions over Time in Actual Pore Solution, 
Crystalline Content used as Datum 
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As shown, the fraction of C-A-S 1 decreases slightly over time, at a relatively 

constant rate. The C-A-S 2 and N/K-A-S fractions decrease sharply during the first day, 

then decrease at a lesser rate, approaching 0% at 28 days. The C-A-S 3 fraction decreases 

sharply during the first 7 days, decreases at a lesser rate from 7 to 28 days, then remains 

relatively constant from 28 to 180 days.  

The data suggest little dissolution of C-A-S 1, partial dissolution of C-A-S 3, and 

near total dissolution of C-A-S 2 and N/K-A-S in the actual pore solution. Most of the 

dissolution appears to take place during the first day. 

5.2.3.3  Sodium Hydroxide Solution 

The mass fractions, as determined through MSIA, of the LEGS fly ash extracted 

from the sodium hydroxide solution at each timestep are presented in Table 5.17. The 

mass fractions calculated using crystalline content as an internal standard are presented in 

Table 5.18, along with the sum of the fraction lost of each of the amorphous phases. The 

changes in the amorphous phase fractions are shown in Figure 5.21. 

Table 5.17 Phase Fractions in Sodium Hydroxide Solution, Determined by MSIA 

 

Phase (%) 

Amorphous Crystalline Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S Quartz Maghemite Periclase Sum 

0 46.63 2.93 28.22 1.03 17.59 2.79 0.80 21.19 

1 49.16 1.93 25.16 1.08 18.32 3.51 0.83 22.66 

7 50.51 0.58 22.31 0.21 21.88 3.90 0.62 26.39 

28 50.83 0.59 20.51 0.20 22.13 4.33 1.41 27.87 
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Table 5.18 Amorphous Phase Fractions in Sodium Hydroxide Solution, Crystalline 
Content Used as Datum 

 

Amorphous Phase (%) 
Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S 
∑ Loss 

0 46.63 2.93 28.22 1.03 0.00 

1 45.96 1.81 23.52 1.01 6.51 

7 40.55 0.46 17.91 0.17 19.72 

28 38.64 0.45 15.59 0.15 23.99 
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Figure 5.22 Changes in Amorphous Phase Fractions over Time in Sodium Hydroxide 
Solution, Crystalline Content used as Datum 



 136 

As shown, the fraction of C-A-S 1 decreases from 0 to 7 days, then from 7 to 28 

days at a lesser rate. The C-A-S 2 and N/K-A-S fractions decrease during the first 7 days 

approaching 0% at 7 days. The C-A-S 3 fraction continually decreases throughout the 

test, although the rate of decrease becomes less over time.  

The data suggest partial dissolution of C-A-S 1, partial dissolution of C-A-S 3, 

and near total dissolution of C-A-S 2 and N/K-A-S in the sodium hydroxide solution. The 

dissolution appears to continue throughout the test.  

5.2.3.4  Ultrapure Water 

 
The mass fractions, as determined through MSIA, of the LEGS fly ash extracted 

from the ultrapure water at each timestep are presented in Table 5.19. The mass fractions 

calculated using crystalline content as an internal standard are presented in Table 5.20, 

along with the sum of the fraction lost of each of the amorphous phases. The changes in 

the amorphous phase fractions are shown in Figure 5.22. 

 

Table 5.19 Phase Fractions in Ultrapure Water, Determined by MSIA 

 

Phase (%) 

Amorphous Crystalline Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S Quartz Maghemite Periclase Sum 

0 46.63 2.93 28.22 1.03 17.59 2.79 0.80 21.19 

1 47.51 3.07 26.34 1.38 18.18 2.00 1.53 21.71 

28 49.22 3.67 23.94 0.22 19.85 1.83 1.28 22.96 

56 50.02 3.23 23.16 0.48 19.36 2.74 1.01 23.12 

180 49.66 3.26 23.51 0.61 18.44 3.01 1.51 22.96 
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Table 5.20 Amorphous Phase Fractions in Ultrapure Water, Crystalline Content Used 
as Datum 

 

Amorphous Phase (%) 
Time (d) 

C-A-S 1 C-A-S 2 C-A-S 3 N/K-A-S 
∑ Loss 

0 46.63 2.93 28.22 1.03 0.00 

1 46.36 2.99 25.70 1.35 2.41 

28 45.42 3.38 22.09 0.20 7.72 

56 45.84 2.96 21.23 0.44 8.34 

180 45.82 3.00 21.69 0.56 7.74 
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Figure 5.23 Changes in Amorphous Phase Fractions over Time in Ultrapure Water, 
Crystalline Content used as Datum 
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As shown, the fractions of C-A-S 1 and C-A-S 2 remain relatively constant over 

time. The N/K-A-S fraction decreases, approaching 0% at 180 days. The C-A-S 3 

fraction decreases sharply during the first 28 days, then remains relatively constant from 

28 to 180 days.  

The data suggest no dissolution of C-A-S 1 and C-A-S 2, partial dissolution of C-

A-S 3, and near total dissolution of N/K-A-S in the ultrapure water. Most of the 

dissolution appears to take place during the first 28 days. 

5.2.3.5  Summary and Discussion 

 
Data from amorphous phase analysis of fly ash subjected to various solutions 

from time periods ranging from 1 day to 180 days have been presented. Three calcium 

aluminosilicate phases and two alkali aluminosilicate phases were measured over time. 

The alkali aluminosilicate phase fractions were small and the phases behaved similarly, 

thus they were analyzed as a single phase. The crystalline phases detected through MSIA 

were considered non-reactive, and were thus used as a reference standard, or datum, to 

which the amorphous phases were normalized.  

All of the leachate solutions resulted in dissolution of one or more amorphous 

phases of the fly ash. However, contrary to the data for the bulk amorphous fraction 

determined through Rietveld XRD, the data from MSIA indicated no precipitation of 

hydration product. This was confirmed through visual inspection of the element maps and 

backscattered electron images. Images obtained from samples subjected to the leaching 

procedure employed for this research were compared to images obtained by Stutzman 

(unpublished data) from fly ash samples which were subjected to an abundance of 0.5M 
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sodium hydroxide solution for 14 days. Stutzman’s samples were not agitated, but 

allowed to form a cohesive paste which was epoxy-impregnated and polished for SEM 

analysis. Hydration products were evident in the latter image sets as poorly-resolved, or 

“fuzzy,” areas of amorphous material. Also, areas of differing material density, or 

“reaction rims,” were observed surrounding some particles in backscattered electron 

images, indicating some hydration. No such “fuzzy” material or reaction rims were 

observed in the images acquired through this research.  

For example, consider the images presented in Figure 5.24. The image in Figure 

5.24a is that of a sample subjected to the sodium hydroxide leaching procedures 

employed in this research for 28 days, while the image in figure 5.24b is that of the 

sample prepared by Stutzman after reaction with a similar sodium hydroxide solution for 

14 days. Both images are multispectral stacks of element images of aluminum, silicon, 

and calcium. Note the well-defined particle boundaries in Figure 5.24a and the poorly-

defined particle boundaries and “fuzzy” hydration product in Figure 5.24b. 
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a.  b.  

Figure 5.24 Multispectral Images of (a.) Agitated and (b.) Unagitated Fly Ash Exposed 
to Concentrated Sodium Hydroxide (Red - Aluminum, Green - Silicon, Blue 
- Calcium), Field Width: ≈200µm 

 

Furthermore, consider the backscattered electron images presented in Figure 5.25. 

The images are of the same samples described previously. Note the well-defined particle 

borders in Figure 5.25a and the reaction rims around the particles and “fuzzy” hydration 

product in Figure 5.25b. 
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a.  b.  

Figure 5.25 Backscattered Electron Images of (a.) Agitated and (b.) Unagitated Fly Ash 
Exposed to Concentrated Sodium Hydroxide, Field Width: ≈200µm 

 

Again, Rietveld XRD data showed an initial loss of amorphous material from the 

fly ash followed by a gain which resulted in more amorphous material present by mass 

than in the original sample. This could only be due to precipitation of a hydration 

product. Since Stutzman’s images showed such hydration product in samples similar to 

those analyzed in this research, it is likely that hydration product was actually forming 

but was, for some reason, not detected through the procedures employed in this research. 

Following comparison of the experimental procedures resulting in the image sets 

presented in Figures 5.24 and 5.25, it was concluded that the cohesiveness of the 

hydration product may have been weakened during the ethanol bath used to stop the 

hydration reaction and wash away the leachate solution, as described in Section 4.4.1.4. 

Subsequent agitation of the fly ash during mixing with the viscous epoxy, as described in 

Section 4.3.1.1 likely caused the hydration product to disperse about the liquid epoxy, 
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thus appearing as filterable background noise in the imaging. Furthermore, the contrast 

and brightness settings necessary for fly ash imaging are relatively lower than those 

necessary for hydration product imaging. Thus, the settings used may have precluded 

imaging of the hydration products. Fortunately, in spite of this, the procedures employed 

in this research have yielded useful data regarding amorphous phase dissolution. In fact, 

the presence of hydration product in the images would have rendered the image analysis 

process far more complex.  

All of the leachate solutions resulted in dissolution of one or more amorphous 

phases of the fly ash; however each solution had a unique effect on the amorphous phases  

of the fly ash. The alkaline solutions each caused dissolution of C-A-S 1, although the 

effect of the sodium hydroxide solution was more pronounced than that of the simulated 

and actual pore solutions, which caused only very minor dissolution of C-A-S 1. The 

ultrapure water did not affect C-A-S 1.  

The alkaline solutions each caused rapid and total, or near total, dissolution of C-

A-S 2. Water did not affect C-A-S 2.  

All of the leachate solutions caused partial dissolution of C-A-S 3. The sodium 

hydroxide solution was the most aggressive solution with respect to total mass of C-A-S 

3 dissolved and the actual pore solution was the most aggressive with respect to the initial 

rate of dissolution. The simulated pore solution and ultrapure water both caused 

substantial dissolution at lesser rate than the other solutions. 

All of the leachate solutions caused rapid and total, or near total, dissolution of 

N/K-A-S. 
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Calcium, sodium, and potassium all act as polymeric network modifiers to the 

largely aluminosilicate glass which comprises the amorphous fraction of the fly ash. As 

explained in Section 3.2.5, the modifier content of a polymer is inversely proportional to 

its molecular order, which often relates to the stability of the polymer in solution 

(Hemmings and Berry 1988b). Thus, a polymer with high modifier content should be 

more reactive than a polymer with low modifier content. The aforementioned results 

suggest a more complex correlation between polymeric modifier content and reactivity in 

solution. As expected, the high-calcium C-A-S 2 and the alkali-modified N/K-A-S, both 

present in small proportion, were very reactive. However, the low-calcium C-A-S 3 

unexpectedly proved more reactive than the intermediate-calcium C-A-S 1. The 

mechanism of this anomaly is beyond the scope of this research, but poses an interesting 

topic for further investigation. 

Once again, the data cause the appropriateness of accelerated sodium hydroxide 

testing to come into question. The sodium hydroxide solution was at least as or more 

aggressive than the other solutions in dissolving each of the calcium-modified phases, 

which account for the vast majority of the fly ash bulk. However, the sodium hydroxide 

solution caused significant dissolution of C-A-S 1 within 7 days, where the other 

solutions did not cause any dissolution of C-A-S 1 through 365 days. The sodium 

hydroxide solution dissolved this major constituent of the fly ash which was hardly 

affected by the other, less harsh solutions.  
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5.2.4  Alkali Leachate Analysis 

 

Following physical separation from the fly ash, the leachate solution was analyzed 

using inductively coupled plasma – optical emission spectroscopy (ICP-OES). Ionic 

concentrations of silicon, aluminum, calcium, sodium, and potassium in solution were 

measured, along with solution pH, for each extraction timestep. These values were 

compared against those for each pure solution. A rise in an ion’s concentration in solution 

indicates dissolution of the solid material, while a drop in concentration likely indicates 

precipitation of hydration product. The pH of each solution at each timestep was 

measured to evaluate any changes due to leaching. The pH values are presented in Table 

5.21. With the exception of the pH of the ultrapure water, the values remained relatively 

constant over time for each solution. The sharp initial rise in pH of the water was 

discussed in Section 5.2.2.5. 

Table 5.21 pH Values of Leachate Solutions at each Sampling Timestep 

 
 

 

Solution pH 
Time (d) 

Simulated Actual Water NaOH 

0 13.47 12.47 7.54 13.7 

1 13.54 12.59 10.92 13.68 

3 13.28 -- -- -- 

7 13.34 12.37 -- 13.42 

14 13.35 -- 11.08 13.51 

28 13.16 12.53 11.66 13.62 

56 13.3 -- 11.04 -- 

90 13.21 12.36 11.97 -- 

180 13.23 12.69 11.89 -- 

270 13.67 12.61 11.22 -- 

365 13.36 12.53 11.83 -- 
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The ICP-OES equipment used for this research is located at the University of 

Texas at Austin. The detection limits for this machine are 0.04, 0.015, 0.001, 0.01, and 

0.01 ppm for Si
4+

, Al
3+

, Ca
2+

, Na
+
, and K

+
, respectively. Ionic concentrations measured 

for this research were orders of magnitude above the detection limits. For each sample, 

the ICP-OES takes multiple measurements from a single specimen and reports a mean 

and standard deviation of those measurements. The values reported were accepted when 

the standard deviation was less than or equal to 12% of the mean of the measurements. 

Measurements accepted included all of the data for three of the four leachant solutions, 

with many of the measurements having standard deviation of less than 3% of the mean. 

Unfortunately, the high alkalinity of the sodium hydroxide solution may have caused 

undesirable “matrix effects” within the ICP-OES, such that the exceptionally high 

concentration of alkalis caused interference in the measurements of the ions of lesser 

concentration. Ionic concentration data for the sodium hydroxide leachate are not 

considered in this section. Otherwise, the ionic concentration analysis is presented for 

each leachate solution. Concentrations are expressed in units of parts-per-million (ppm). 

Charts are presented in the following sections to graphically illustrate 

compositional changes in the solutions over time. The lines connecting the data points 

serve only to guide the eye, and do not necessarily suggest the location of intermediate 

data points. In some cases, the y-axes have been compressed to best illustrate the data. 

Separate plots are shown for each ion due to vast differences in concentration values. 
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5.2.4.1  Simulated Pore Solution 

 
The ionic concentrations of the simulated pore solution leachate at each timestep 

are presented in Table 5.22 and the changes in concentration over time for each ion are 

shown in Figure 5.26a-e. 

Table 5.22 Ionic Concentrations of Simulated Pore Solution Leachate (ppm) 

Ion Concentration (ppm) 
Time (d) 

Si
4+

 Al
3+

 Ca
2+

 K
+
 Na

+
 

0 17 2 24 10201 2531 

1 25 34 1 9170 2170 

28 53 262 3 9745 2148 

180 73 218 1 8695 2167 

270 203 93 3 9575 2179 
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Figure 5.26 Changes in Concentration of (a.) Si
4+

, (b.) Al
3+

, (c.) Ca
2+

, (d.) Na
+
, and (e.) 

K
+
 in Simulated Pore Solution Leachate  
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As shown in Fig 5.26, distinct changes in ionic concentration occur in the 

simulated pore solution leachate. The concentration of Si
4+

 increases slightly in the first 

28 days, remains relatively constant from 28 to 180 days, then increases through 365 

days. This indicates initial dissolution, then either a period of dormancy, or a period of 

concurrent dissolution and precipitation of a silicon-containing product, followed by a 

period of dissolution at a rate greater than any precipitation.  

The concentration of Al
3+

 increases sharply during the first 28 days and decreases 

at a relatively constant rate from 28 to 365 days. This indicates initial dissolution then 

precipitation of an aluminum-containing product.  

The concentration of Ca
2+

 decreases sharply during the first day, approaching 

zero. This indicates that nearly all of the Ca
2+

 in the system is being consumed by 

formation of some reaction product at very early ages.  

The concentration of Na
+
 also decreases sharply during the first day, then remains 

relatively constant. This indicates that a considerable amount of Na
+ 

is being consumed 

by formation of some reaction product.  

Conclusions could not be drawn from the ionic concentration analysis of K
+
, as no 

distinct trends were noted.   

5.2.4.2  Actual Pore Solution  

 

The ionic concentrations of the actual pore solution leachate at each timestep are 

presented in Table 5.23 and the changes in concentration over time for each ion are 

shown in Figure 5.27a-e. 
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Table 5.23 Ionic Concentrations of Actual Pore Solution Leachate (ppm) 

Ion Concentration (ppm) 
Time (d) 

Si
4+

 Al
3+

 Ca
2+

 K
+
 Na

+
 

0 39 2 556 1833 42 

1 19 8 468 2354 17 

28 22 70 6 1958 17 

180 23 79 5 2756 15 

270 19 78 1 2119 14 
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Figure 5.27 Changes in Concentration of (a.) Si
4+

, (b.) Al
3+

, (c.) Ca
2+

, (d.) Na
+
, and (e.) 

K
+
 in Actual Pore Solution Leachate  
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Distinct changes in ionic concentration occur in the actual pore solution leachate. 

The concentration of Si
4+

 decreases sharply during the first day and remains relatively 

constant thereafter. This indicates initial dissolution, then either a period of dormancy, or 

a period of concurrent dissolution and precipitation of a silicon-containing product. 

The concentration of Al
3+

 increases sharply during the first 28 days and remains 

relatively constant thereafter. This indicates initial dissolution, then either a period of 

dormancy, or a period of concurrent dissolution and precipitation of an aluminum-

containing product. 

The concentration of Ca
2+

 decreases sharply during the first day, approaching 

zero. This indicates that nearly all of the Ca
2+

 in the system is being consumed by 

formation of some reaction product at very early ages.  

The concentration of Na
+
 also decreases sharply during the first day, the remains 

relatively constant. This indicates that a considerable amount of Na
+ 

is being consumed 

by formation of some reaction product.  

Conclusions could not be drawn from the ionic concentration analysis of K
+
, as no 

distinct trends were noted.   

5.2.4.3  Ultrapure Water  

 
The ionic concentrations of the ultrapure water leachate at each timestep are 

presented in Table 5.24 and the changes in concentration over time for each ion are 

shown in Figure 5.28a-e. 
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Table 5.24 Ionic Concentrations of Ultrapure Water Leachate (ppm) 

Ion Concentration (ppm) 
Time (d) 

Si
4+

 Al
3+

 Ca
2+

 K
+
 Na

+
 

0 0 0 0 0 0 

1 9 10 224 28 0 

28 9 2 118 15 3 

180 6 2 154 27 0 

270 1 3 128 12 2 
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Figure 5.28 Changes in Concentration of (a.) Si
4+

, (b.) Al
3+

, (c.) Ca
2+

, (d.) Na
+
, and (e.) 

K
+
 in Ultrapure Water Leachate  
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As shown, some changes in ionic concentration occur in the ultrapure water, but 

due to the decreased alkalinity and thus aggressiveness of the solution, the dissolution 

effect is minimal. As a result, ionic concentrations in solution are relatively small. Thus, 

the signal to noise ratio (S/N) of the data is far smaller than that of the previously 

presented data. Ultrapure water was used as the datum, or “blank” for calibration of all of 

the solution analyses. The reported values are of concentrations in excess of any traces of 

ions originally present in the ultrapure water.  

The concentration of Si
4+

 increases sharply during the first day, decreases from 1 

day to 270 days, then remains relatively constant from 270 to 365 days. This indicates 

rapid initial dissolution, then a period of precipitation of a silicon-containing product. 

Nearly all of the Si
4+

 in the system is being consumed by formation of reaction product. 

The concentration of Al
3+

 increases sharply during the first day, decreases sharply 

from 1 day to 28 days, then remains relatively constant. This indicates rapid initial 

dissolution, then a period of rapid precipitation of an aluminum-containing product 

followed by a dormant period. Nearly all of the Al
3+

 in the system is being consumed by 

formation of reaction product. 

The concentration of Ca
2+

 increases sharply during the first day, rapidly decreases 

from 1 day to 28 days, then remains relatively constant. This indicates rapid initial 

dissolution, then a period of rapid precipitation of a calcium-containing product followed 

by a dormant period. 

The concentrations of Na
+
 and K

+
 increase sharply at early ages due to dissolution 

of the alkali-modified glasses, and perhaps due to dissolution of traces of alkali sulfates 

deposited on the surface of the fly ash particles.  However, no further conclusions could 
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be drawn from the ionic concentration analysis of K
+ 

or Na
+
, as concentrations and S/N 

were quite low and no distinct trends were noted.   

5.2.4.4  Summary and Discussion 

 
Ionic concentrations of silicon, aluminum, calcium, sodium, and potassium in 

each leachate solution were measured for each timestep. Few similarities could be drawn 

between the solutions, as the changes in concentration with time were not similar across 

solutions. However, analysis of the data shows trends of both dissolution and 

precipitation of hydration product in each solution. 

The silicon and aluminum concentrations in the simulated pore solution increased 

in the first 28 days, indicating dissolution. This increase was followed by a decrease in 

aluminum concentration and constant silicon concentration. The calcium concentration in 

the simulated pore solution decreased to near zero within the first day and remained 

constant thereafter. Given that silicon and aluminum began dissociating almost 

immediately, excess calcium likely reacted with one or both to form hydration product 

during the first day, consuming most of the calcium in the system. The decrease in silicon 

and aluminum in solution due to this reaction was likely overshadowed by their 

simultaneous rapid dissolution. As the silicon concentration became steady and the 

aluminum concentration began to decrease after 28 days, these ions reacted with 

available calcium at a rate nearly equal to the rate of dissolution of silicon and calcium, 

but greater than the rate of dissolution of aluminum. As the aluminum in the system was 

slowly depleted, silicon continued to dissolve and react and calcium continued to react at 

a rate nearly equal to the rate of its dissolution. The simulated pore solution was deficient 
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in aluminum and silicon before the introduction of the fly ash, but contained excess 

calcium. As the aluminum and silicon of the fly ash dissolved, they reacted with the 

available calcium to form a calcium-silicate-aluminate hydration product.  

The silicon and calcium concentrations in the actual pore solution decreased 

sharply during the first day, while the aluminum concentration increased sharply during 

the first 28 days. The actual pore solution contained an abundance of calcium and silicon, 

but was deficient in aluminum. As aluminum dissolved from the fly ash, the excess 

calcium and silicon were immediately depleted and hydration product was formed at a 

rate nearly equal to the dissolution rate of calcium, aluminum, and silicon.  

Since the ionic concentrations of the ultrapure water were used as the datum point 

for the solution analysis, an increase in concentration of all investigated ions was 

expected. In fact, the concentrations of silicon, aluminum, and calcium all increased very 

sharply during the first day. Aluminum and calcium concentrations then decreased 

sharply from 1 to 28 days, both remaining relatively constant thereafter. The silicon 

concentration remained constant from 1 to 28 days, then decreased steadily to 270 days. 

The data indicate rapid dissolution of silicon, aluminum, and calcium, until some critical 

concentration is reached at or before 1 day, when precipitation begins. Initially, silicon is 

dissolved at a rate equal to that of precipitation, but the precipitation rate exceeds the 

dissolution rate after 28 days.  

In both the simulated and actual pore solutions, the sodium concentration 

decreased rapidly during the first day. No trends could be identified for changes in 

sodium concentration in the ultrapure water or for changes in potassium concentration in 

any of the solutions.  The decrease in sodium concentration may be due to “alkali 
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binding,” which occurs when available alkalis are bound by a calcium-silicate-hydrate 

system, such as the amorphous portland cement hydration product C-S-H (Hong and 

Glasser 1999). Experiments have been performed which confirm the binding potential of 

synthetic calcium-silicate-hydrate gels, and those results have been deemed relevant to 

cementitious systems (Hong and Glasser 1999; Nielsen et al. 2005). It is therefore 

reasonable to assume that the amorphous calcium-silicate-aluminate hydration product of 

fly ash may possess similar alkali binding capacity.  

5.2.5  Hydration Product Chemistry 

 

The data presented in Sections 5.2.1 to 5.2.4 indicate that the fly ash is 

undergoing a hydration reaction resulting in the formation of amorphous calcium-silicate-

aluminate-hydrate. An experiment was designed to investigate the chemistry of this 

hydration product and perhaps supplement the aforementioned results. The experiment 

was intended to dissolve the hydration product away from the non-reacted substrate using 

dilute hydrochloric acid (HCl) such that the ionic concentrations of the solvent could be 

analyzed. This would roughly determine the chemistry and chemical changes in the 

hydration product.  

The experiment was carried out as described in Section 4.4.5; however, the results 

were not as expected. Preliminary Rietveld XRD analysis of the insoluble residue 

indicated that the experiments resulted in dissolution of a greater amount of amorphous 

material than could be accounted for by hydration product. The results of the Rietveld 

XRD analysis are presented in Table 5.25. 
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Table 5.25 Crystalline and Bulk Amorphous Phase Analysis of Insoluble Residue of 
from HCl Dissolution Tests   

 

Phase (%) 
Solution Time (d) 

Quartz Mullite Maghemite Ettringite Periclase Amorphous 

28 18.68 5.22 1.14 0.13 0.17 74.66 

180 41.19 12.11 2.26 0.38 0.20 43.85 Simulated 

365 40.32 12.47 2.03 0.41 0.20 44.56 

28 16.88 4.64 0.99 0.16 0.24 77.09 

180 39.16 11.44 1.92 0.24 0.40 46.86 Actual 

365 40.29 11.69 2.09 0.43 0.37 45.14 

28 16.58 4.54 0.89 0.11 0.20 77.69 

180 23.74 7.39 1.56 0.20 0.22 66.90 Water 

365 22.40 7.74 1.36 0.27 0.24 67.98 

 

The results for the simulated and actual pore solutions indicate a sharp decrease in 

amorphous material after 28 days. The reason for this decrease occurring after 28 days in 

each case is not known. The nearly 30% decrease in amorphous material would suggest 

that 30% of the bulk consisted of hydration product. However, the Rietveld XRD analysis 

of the reacted fly ash indicated net differences between lowest and highest concentration 

of amorphous material present in the fly ashes subjected to the simulated and actual pore 

solutions as 7% and 8%, respectively. Thus, the HCl treatment resulted in dissolution of 

approximately 4 times as much amorphous material than was assumed to be present as 

hydration product. The results for water were similar, with a difference of approximately 

a factor of 3.  

The results from MSIA also contradicted the HCl dissolution data. The MSIA 

indicated a net loss of amorphous material as 13% and 14%, for simulated pore solution 

and actual pore solution, respectively. Those net losses in amorphous material due to 
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leaching cannot result in a 30% gain in amorphous hydration product, simply by 

conservation of mass. The solution analysis data indicated an abundance of Si
4+

, Al
3+

, 

Ca
2+

, Na
+
, and K

+
 in solution for each of the timesteps. No trends could be drawn from 

this data.  

Careful experiments were carried out to develop the HCl dissolution method. 

However, fly ash leached in sodium hydroxide solution was used as the test material, 

given the supposed accelerated rate of reaction in that solution. The method was 

developed to dissolve only the hydration product from the sample, but was tested only on 

those samples subjected to sodium hydroxide solution. The hydration product(s) of the 

ash subjected to sodium hydroxide solution may have been different from that of fly ash 

subjected to the other, less aggressive solutions. Furthermore, sodium hydroxide may 

have been allowed to crystallize on the fly ash particles following separation from the 

solution. This would cause a reaction with the HCl which would affect the dissolution of 

the test materials. Either case may have caused the unexpected result when the test was 

applied to fly ash subjected to vastly different solutions.  

Future research should be devoted to development of a more suitable procedure 

for dissolving hydration product from hydrated fly ash samples. The HCl method seems 

reasonable, but should be tested on fly ash leached in systems more similar to that of the 

large-scale experimental system. Data presented herein suggest that a significant amount 

of hydration product had precipitated by 90 days in the ultrapure water. Thus, the testing 

could be carried out on fly ash reacted with water for 90 days. Other leaching solutions 

and acidic solvents should be explored. 



 160 

5.2.6  High-Resolution Imaging 

 

The results presented thus far indicate hydration of the fly ash through changes in 

composition of the fly ash and the solution over time. A purely qualitative approach was 

taken to confirm such hydration and to validate the assumption the fly ash was, in fact, 

reacting in solution. A very small sub-sample of fly ash was inspected by high-resolution 

SEM to assess the condition of the particles. The samples were taken at various timesteps 

from the ultrapure water, dried at room temperature, deposited onto conductive carbon 

tape atop a standard SEM stub mount, coated with a 20nm layer of silver, then analyzed 

in the SEM. The samples were not washed to prevent the destruction of any hydration 

product. Since the ultrapure water proved the least aggressive solution, and fly ash 

subjected to all solutions exhibited similar behavior, the sampling was appropriate.  

Figures 5.29 and 5.30 show the high-resolution secondary-electron images of the 

fly ash samples at 28 and 180 days of hydration, respectively.  
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Figure 5.29 Secondary Electron Image of Fly Ash Leached in Ultrapure Water for 28 
Days. Field Width: 30µm. 
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Figure 5.30 Secondary Electron Image of Fly Ash Leached in Ultrapure Water for 180 
Days. Field Width: 30µm. 

 

The following image descriptions are based on examination of a relatively large 

aerial extent of the sample. The image fields shown were chosen as typical of the fly ash 

condition. The large particle in Figure 5.29 is very rough-textured, a result of etching by 

the solution. Note the spherical shape of the adjacent smaller particles. The particle in 

Figure 5.30 also has a rough texture, but more uniform than that of the particle in Figure 

5.29. The change is a result of hydration product forming on the particle, concealing the 

surface imperfections. Note that the smaller, adjacent particles are no longer spherically 

shaped. The hydration product has consumed these smaller particles and has precipitated, 

independent of the shape of the substrate. To further investigate the hydration product 
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itself, the magnification of the SEM was increased until the morphology of the hydration 

product was apparent. Figure 5.31 shows the morphology of the hydration product 

covering one of the smaller particles in Figure 5.30. The fly ash hydration product is 

similar in morphology to that of the amorphous portland cement hydration product, C-S-

H. 

 

 

Figure 5.31 Secondary Electron Image of Hydration Product of Fly Ash Leached in 
Ultrapure Water for 180 Days. Field Width: 6µm. 
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5.2.7  Discussion 

 
A qualitative and quantitative method has been developed to investigate the 

reactivity of the crystalline and amorphous phases of a Class F fly ash in solution. The 

results presented herein demonstrate the ability to comprehensively characterize the 

phase composition of the fly ash and to investigate the reactivity of each of the phases. 

The crystalline and bulk amorphous phase characterization by Rietveld x-ray diffraction 

clearly show changes in the bulk amorphous material content of the fly ash subjected to 

aqueous solutions. The multispectral image analyses indicate a decrease in the amount of 

the amorphous phases present in the samples over time, and the solution analyses indicate 

fluctuating solution composition. The hydration of the fly ash was confirmed through 

high-resolution SEM imaging. A distinct morphological similarity between the fly ash 

hydration product and C-S-H resulting from cement hydration solidified the assumption 

that the hydration product was some amorphous hydrate of the parent constituents of the 

fly ash, namely calcium, silicon, and aluminum.  

Each of the methods independently suggests that the fly ash is hydrating in 

solution and provides a means for investigating the reaction. However, comprehensive 

analysis shows that many of the results from individual analytical methods are 

complementary. 

The solution analysis, bulk mass change, Rietveld XRD, and MSIA data for 

simulated pore solution are complementary. All methods indicate rapid dissolution in the 

first 28 days. The bulk mass change, Rietveld XRD, and solution analysis data suggest 

hydration product precipitation at a rate greater than dissolution following 28 days. The 
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solution analysis data indicates that slow precipitation may have begun almost 

immediately.  

The solution analysis, bulk mass change, Rietveld XRD, and MSIA data for 

actual pore solution are also complementary. All methods indicate very rapid dissolution 

in the first day. The bulk mass change, Rietveld XRD, and solution analysis data suggest 

rapid precipitation of hydration product during the period of rapid dissociation of 

aluminum from 1 to 28 days, followed by a period of very gradual precipitation.  

The solution analysis, bulk mass change, Rietveld XRD, and MSIA data for 

ultrapure water are not necessarily complementary. All methods indicate very rapid 

dissolution in the first day. The solution analysis suggests a rapid precipitation of 

hydration product from 1 to 28 days; however the bulk mass change and Rietveld XRD 

data suggest that significant precipitation does not occur until after 28 days. These 

differences could be a result of anomalous solution data caused by low ionic 

concentrations and subsequent low S/N; however, the concentrations are well above 

detection limits for the analytical method. 

XRD is known as a powerful tool for characterization of crystalline phases in fly 

ash. Application of the Rietveld method of quantitative phase analysis, with the addition 

of an internal standard, has allowed the quantification of each of the crystalline phases 

and the bulk amorphous fraction of the fly ash. Qualitative XRD of fly ash has been well 

documented, but quantitative information is scarce. In the course of this research, the 

Rietveld methodology has been adapted, refined, and successfully applied to characterize 

a Class F fly ash. 



 166 

Adaptation of multispectral image analysis procedures originally developed for 

analysis of satellite and aerial imagery to digital x-ray element images has facilitated the 

division of the bulk amorphous fraction into discrete phases based upon compositional 

differences. The relative proportions of these phases have also been determined. 

Multispectral image analysis techniques have been developed and tested for 

compositional characterization of minerals. Similar techniques were developed and 

successfully applied in the course of this research to characterize the discrete amorphous 

microphases in fly ash. 

A leaching procedure, coupled with the aforementioned analytical methods and 

compositional solution analysis, has led to estimations of the respective reactivity of each 

of the crystalline and amorphous phases. Results from the reactivity studies were difficult 

to interpret, given the scarcity of datapoints from which trends may be drawn, the lack of 

replication, and the complexity of the experimental matrix. However, following further 

refinement and testing, the reactivity experiments have potential to yield more useful 

information regarding constituent phase reactivity in fly ash.  
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Chapter 6: Case Studies 

 

6.1   INTRODUCTION 

 
The previous chapters presented new methods to characterize a Class F fly ash 

and its dissolution in various solutions and the results of these investigations. During the 

course of the research, questions arose as to the applicability of these methods to other 

micro-scale civil engineering materials. Two materials, both commonly used in the 

production of concrete, were chosen on which to test these methods. Class C fly ash was 

selected for study, as it exhibits similar morphology to a Class F fly ash, but possesses 

more complex compositional characteristics. Furthermore, the proper characterization of 

Class C fly ash has wide implications on its use for mitigation of deleterious sulfate 

attack on concrete. Microfine aggregates were also selected for study. Their shape and 

chemical composition differ greatly from that of fly ash, but many possess more 

straightforward mineralogical characteristics. Microfine aggregates may significantly 

influence properties of both plastic and hardened concrete, including workability, 

strength, and durability. 

6.2   CLASS C FLY ASHES 

6.2.1  Sulfate Attack: An Introduction 

 

Sulfate attack is perhaps the most common form of chemical attack on concrete, 

as sulfates are often present in groundwater, soil, and seawater – all environments in 
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which concrete may be found (Mindess et al. 2003). Sulfate attack is a complex process 

which involves expansion and subsequent cracking of concrete and/or softening and 

disintegration of cement paste, both resulting from chemical attack on any combination 

of the portland cement hydration products which bind concrete aggregates together 

(Mindess et al. 2003; Taylor 1997).  

Sulfate attack may be classified as either “internal” or “external,” depending on 

the source of the sulfates. The research described in this chapter is related to previous 

work involving external sulfate attack, where the source of the sulfates is external to the 

affected concrete (Drimalas 2007). The mechanisms of external, or classic, sulfate attack 

are quite complex and not well understood; however, a brief synopsis will be presented.  

 External sulfate attack occurs when sulfate ions interact with portland cement 

hydration products to cause a deleterious reaction. The sulfate source may be of natural 

or artificial origin (Drimalas 2007). The most common sulfates which cause deterioration 

of concrete are calcium sulfate (gypsum), sodium sulfate, and magnesium sulfate. 

Calcium sulfate reacts with monosulfoaluminate, a cement hydration product, to form 

ettringite. The formation of ettringite is an expansive process and may cause cracking of 

the concrete. Sodium sulfate may react with calcium hydroxide, a cement hydration 

product, to form calcium sulfate (gypsum), which then reacts with monosulfoaluminate to 

form ettringite. Sodium sulfate may also react directly with tricalcium aluminate (C3A), a 

portland cement constituent, to form ettringite. Both gypsum and ettringite formation are 

expansive reactions. Magnesium sulfate may aggressively react with portland cement 

hydration products to form brucite, requiring an excess amount of calcium. Calcium is 

depleted from C-S-H to satisfy this reaction. As C-S-H, the portland cement hydration 
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product most responsible for strength and durability becomes decalcified, it loses strength 

and may deteriorate. For a more comprehensive review of mechanisms of external sulfate 

attack, the reader is referred to Drimalas (2007) and Taylor (1997).  

6.2.2  Control of Sulfate Attack 

 

Protection against sulfate attack requires high-quality concrete of low water to 

cement ratio and made from low C3A cement and suitable supplementary cementitious 

materials (SCMs) (Mindess et al. 2003). Formulation of such concrete often proves non-

trivial, as partial replacement of cement by SCMs may either improve or reduce 

resistance to sulfate attack (Taylor 1997). SCMs may lower concrete permeability and 

reduce CH, a cement hydration product, thereby improving resistance to sulfate attack 

(Drimalas 2007).  

Much research has been devoted to exploring the effect of fly ash on the sulfate 

resistance of concrete. It has been shown that the use of low-calcium fly ashes usually 

results in a more sulfate resistant concrete than the use of high-calcium fly ashes 

(Tikalski and Carrasquillo 1992; Tikalski and Carrasquillo 1993). In fact, Dunstan (1980) 

developed a resistance factor which inversely correlated the sulfate resistance of a fly ash 

to its calcium and iron oxide contents. In general, the use of low-calcium Class F fly 

ashes has been found to improve sulfate resistance of concrete, while the use of higher-

calcium Class C fly ashes has been found to reduce sulfate resistance. However, the use 

of some high-calcium Class C fly ashes has resulted in improved sulfate resistance 

(Drimalas 2007).  
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6.2.3  Reason for Investigation 

 
Drimalas (2007) performed extensive research on the sulfate resistance of 

concrete containing ASTM C 618 Class C fly ash. A significant portion of that research 

focused on laboratory testing of mortars made with a variety of Class C fly ashes. ASTM 

C 1012 is commonly used to assess the effect of fly ash on the sulfate resistance of 

concrete (ASTM Standard C 1012 2006). ASTM C 1012 is a test procedure which 

involves constructing 25mm (1in.) x 25mm x 285mm (11.25in.) mortar bars from a 

standard mortar mixture. The bars are then exposed to a 5% sodium sulfate solution, and 

the length change of the bars is measured as an indication of sulfate-attack induced 

expansion. Expansion should not exceed 0.1% at specific ages, from 6 months to 18 

months, determined by sulfate exposure conditions as defined by ACI 201.2R-01. 

Drimalas studied the influence of a variety of Class C fly ashes, each in various 

proportions, on this expansion using the ASTM C 1012 test. The test was a comparative 

study of mixtures containing Class C fly ashes against control mixtures containing no fly 

ash.  

Some results of Drimalas’ testing were perplexing. The naming convention for the 

fly ashes investigated by Drimalas has been changed from those in his dissertation for 

simplicity, since not all of the fly ashes he tested are discussed here. Expansion results 

from mortar bars made with two of the most poorly-performing fly ashes, FA1 and FA3, 

were compared to those of bars made with one of the best-performing ashes, FA2. When 

those results were cross-referenced with the bulk chemical composition data for each fly 

ash, it was noted that FA1 and FA2 have very similar bulk chemical compositions but 
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distinctly different influence of sulfate resistance. Figure 6.1 shows the ASTM C 1012 

expansion data for bars made with FA1, FA2, and FA3, and a control mortar with no fly 

ash. 
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Figure 6.1 ASTM C 1012 Expansion Results for 3 Class C Fly Ashes (Drimalas 2007) 

 

Note that FA2 did not improve overall sulfate resistance of the mortar, but 

performed almost identically to the control mortar, with an expansion of 0.114% at 365 

days. FA1 and FA3 reached expansions of 0.578% at 180 days and 0.228% at 120 days, 

respectively. Following the 180 day measurement of FA1 and the 120 day measurement 

of FA3, each disintegrated due to sulfate-induced expansion and could no longer be 
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FA2 

FA3 

Control 



 172 

measured. FA1 and FA3 severely decreased the sulfate resistance of the mortar. The bulk 

chemical compositions of FA1, FA2, and FA3 are presented in Table 6.1. The 

compositions are expressed as bulk oxide content as determined by x-ray fluorescence 

spectroscopy.  

Table 6.1 Bulk Chemical Analyses of 3 Class C Fly Ashes (Drimalas 2007) 

 

Oxide Content (%) 
Oxide 

FA1 FA2 FA3 

Silicon Dioxide (SiO2) 38.57 41.32 30.76 

Aluminum Oxide (Al2O3) 18.84 19.25 17.75 

Iron Oxide (Fe2O3) 6.69 6.48 5.98 

Sum of SiO2, Al2O3, Fe2O3 64.1 67.05 54.49 

Calcium Oxide (CaO) 23.54 21.58 28.98 

Magnesium Oxide (MgO) 4.76 4.43 6.55 

Sulfur Trioxide (SO3) 1.43 1.25 3.64 

Sodium Oxide (Na2O) 1.71 1.43 2.15 

Potassium Oxide (K2O) 0.65 0.78 0.30 

Total Alkalis (as Na2O) 2.14 1.94 2.35 

 

Again, note the similarity in bulk composition between FA1 and FA2. Given such 

similarities, it was expected that FA1 and FA2 would perform similarly in laboratory 

testing for resistance to sulfate attack. Also, it was considered that FA1 and FA3 may 

perform differently given their bulk compositional differences. The experimental results 

were not as expected.  
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6.2.4  Objective of Current Study 

  
Given the unexpected disconnect between the bulk chemical analyses of FA1, 

FA2, and FA3 and their physical performances in the ASTM C 1012 test, it was desired 

to further investigate the composition of the three Class C fly ashes. Qualitative x-ray 

diffraction was used to identify the crystalline phases present in each fly ash, and the 

Rietveld quantitative phase analysis method was used to quantify the proportions of those 

phases. Furthermore, the MSIA method was explored to investigate the amorphous 

material.  

6.2.5  Experimental Methods 

6.2.5.1  Crystalline Phase Analysis 

 
A sample of each fly ash was prepared and analyzed according to the procedures 

in Section 4.2.1; however, no rutile was added to the sample as an internal standard to 

prevent diffraction peak overlap from hindering qualitative phase identification. The 

diffraction patterns for FA1, FA2, and FA3 are shown in Figures 6.2, 6.3, and 6.4, 

respectively. Given the complexity of the diffraction patterns, the principal peaks for each 

phase are not identified on the diffractograms.  
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Figure 6.2 Diffractogram for FA1 
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Figure 6.3 Diffractogram for FA2 
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Figure 6.4 Diffractogram for FA3 

 

 The diffraction patterns are considerably more complex than those of a Class F fly 

ash (Fig. 5.1 in Chapter 5), due to the greater number and proportion of crystalline 

phases. The hump centered near 11.5° 2θ in Figures 6.3 and 6.4 is likely caused by x-ray 

scatter from the plastic sample holder. The broad hump occurring from approximately 

20° to 34° 2θ in all of the diffractograms indicates the presence of a large amount of 

amorphous material in the samples.  

Each diffractogram was separately analyzed according to the procedures in 

Section 4.2.2.1 to identify the crystalline phases present. Interestingly, all three samples 

contained the same crystalline phases: quartz, dicalcium silicate (β-C2S), cubic tricalcium 
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aluminate (C3Ac), orthorhombic tricalcium aluminate (C3Ao), merwinite, gehlenite, 

periclase, magnetite, and anhydrite. The locations of the primary, secondary, and tertiary 

representative peaks of these minerals, as reported in the International Center for 

Diffraction Data (ICDD) Powder Diffraction Database, are listed in Table 5.2. Most of 

these peaks were evident in the experimental pattern.  

Table 6.2 Reported Peak Locations for Phases Present in FA, FA2, and FA3 

Peak Location (°°°°2θθθθ, Cu Kαθθθθ) Phase 
Primary Secondary Tertiary 

Quartz 26.640 20.859 50.141 

Anhydrtie 25.461 25.443 31.380 

Gehlenite 31.433 52.126 29.151 

Magnetite 35.426 62.522 56.937 

Periclase 42.917 62.303 109.764 

C3Ac 33.169 47.626 59.272 

C3Ao 33.242 32.977 59.029 

Merwinite 33.324 33.521 33.758 

C2S 32.137 32.054 32.594 

 

Following qualitative identification of the phases present in each sample, the 

samples were prepared and re-analyzed with the inclusion of rutile as an internal 

standard. The diffraction data were quantitatively analyzed using the Rietveld 

quantitative phase analysis method, as described in Section 4.2.2.2. The relative 

proportions of each crystalline phase, and the bulk amorphous phase fraction, were 

calculated for each sample. The results are listed in Table 6.3, and the proportions of the 

crystalline phases are shown in Figure 6.5. The phase fractions displayed are the mean 

values from multiple measurements.  
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Table 6.3 Relative Proportions of Crystalline Phases and Bulk Amorphous Material 
Present in FA1, FA2, and FA3. 

 

Phase Amount (%) 
Phase 

FA1 FA2 FA3 

Quartz 4.94 5.05 4.65 
C2S 3.49 2.79 3.68 
C3Ac 3.42 3.20 4.77 
C3Ao 2.15 2.10 1.83 
Merwinite 2.63 2.57 4.68 
Gehlenite 2.31 2.12 5.29 
Periclase 1.53 1.49 2.80 
Magnetite 0.76 0.75 0.38 
Anhydrite 0.70 0.62 2.27 
Amorphous 78.06 79.32 69.64 
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Figure 6.5 Crystalline Phase Fractions of FA1, FA2, and FA3 

 
The crystalline compositions of FA1 and FA2 are very similar to each other, but 

quite different than that of FA3. FA1 and FA2 each contain approximately 10% more 

amorphous material than FA3. Unlike those of Class F fly ashes, some crystalline phases 

commonly found in Class C fly ashes may be reactive in an aqueous medium. β-C2S, 

C3Ac, and C3Ao are known to be reactive. Given the relative proportions of the reactive 

and non-reactive crystalline phases presented above, one may expect that FA1 and FA2 

perform similarly to each other but differently than FA3. Again, this was not the case, as 
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FA1 and FA3 exhibited similar performance, different from that of FA2. Thus, the 

performance differences must not have been caused by differences in the crystalline 

phases present, or their relative proportions. 

6.2.5.2  Amorphous Phase Analysis 

 
FA1 and FA2 have very similar bulk chemical compositions and very similar 

crystalline phase contents, but exhibit vastly different performance in laboratory testing 

for resistance to sulfate attack. The differences are likely caused by differences in 

compositions of the amorphous phases. Samples of FA1 and FA2 were prepared and 

analyzed as described in Section 4.3.1. Qualitative analysis was performed as described 

in Section 4.3.2.1. The multispectral images for FA1 and FA2 are shown in Figures 6.6 

and 6.7, respectively.  
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Figure 6.6 Multispectral Overlay of Aluminum, Silicon, and Calcium (Red, Green, and 
Blue, respectively) of FA1, Field Width: 2050µm 
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Figure 6.7 Multispectral Overlay of Aluminum, Silicon, and Calcium (Red, Green, and 
Blue, respectively) of FA2, Field Width: 2050µm 
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A distinct difference in the images was immediately noticed by visual inspection. 

There appears to be more blue and purple in the FA2 image than in the FA1 image, 

indicating the increased proportion of calcium-rich and calcium-alumina-rich amorphous 

phases. For further investigation, semi-quantitative analysis was attempted, as described 

in Section 5.1.2.1. Cluster maps were generated, delineating the statistically discernable 

phases in the images. The cluster maps for FA1 and FA2 are shown in Figures 6.8 and 

6.9, respectively.  
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Figure 6.8 Cluster Map of FA1, Field Width: 2050µm 
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Figure 6.9 Cluster Map of FA2 Field Width: 2050µm 

 

Preliminary analysis of the clustering statistics revealed the presence of 11 

mutually exclusive phases in FA1 and only 4 mutually exclusive phases in FA2, 

excluding the field which represents the background epoxy. As with the crystalline 
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composition, the amorphous composition of the Class C fly ash seems more complex 

than that of the Class F fly ash. A principal components analysis of the images revealed 

that three of the phases in FA2 were dominated by calcium and aluminum, each with a 

different calcium to aluminum ratio. FA1 contained four phases dominated by calcium 

and aluminum, the remainder being silica-dominated phases. Given the great complexity 

of the amorphous material in these fly ashes, more rigorous quantitative analysis was 

beyond the scope of this research.  

6.2.6  Summary and Conclusions 

 
Three Class C fly ashes were identified which caused unexpected laboratory test 

results for resistance to sulfate attack. However, such differences were not expected 

based on the bulk chemical composition of the fly ashes. Some of the experimental 

methods developed through research into the characterization of a Class F fly ash were 

applied to the Class C fly ashes. Qualitative and Rietveld quantitative x-ray diffraction 

techniques were used to identify the crystalline phases present and determine their 

relative proportions. Scanning electron microscopy, energy dispersive spectroscopy, and 

multispectral image analysis were used to investigate the amorphous material.  

The crystalline phase analysis indicated the presence of some reactive crystalline 

phases. However, the proportions of these phases and other non-reactive phases were 

very similar in the differently-performing fly ashes. Thus, the differences in performance 

were likely caused by the amorphous fly ash material. Qualitative analysis indicated a 

distinct difference in the amount of calcium-rich and calcium-aluminate-rich amorphous 
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phases present between two of the fly ashes that exhibited the most difference in 

performance.  

A comprehensive understanding of the amorphous phases in the Class C fly ash is 

impossible without rigorous quantification of the amorphous phase chemistry and 

quantitative analysis of the amorphous phase proportions. Future research should address 

these points, as they may foster a greater understanding of the relationship between fly 

ash composition and physical performance. 

6.3   MICROFINE AGGREGATES 

6.3.1  Microfine Aggregates: An Introduction 

 

Aggregate type and gradation almost inevitably impact the properties of both 

plastic and hardened concrete. Much research has been dedicated to parametric 

correlation of various properties of macro-scale aggregates to various properties of fresh 

and hardened concrete. However, lesser-studied micro-scale aggregates may have as 

profound an influence on concrete properties as their larger counterparts.  

  Microfine aggregates, those with a particle size of less than 75µm in the longest 

dimension, occur almost ubiquitously in concrete and are often termed “microfines.” 

ASTM C 33, “Standard Specification for Concrete Aggregates,” limits their proportion in 

concrete to 3% of the total fine aggregate mass for concrete subject to abrasion and 5% 

for all other concrete (ASTM Standard C 33 2005). However, many fine aggregates, 

particularly manufactured aggregates, contain great amounts of microfine particles, often 

as high as 20% by mass (Ahn 2000; Hudson 1997). Given the disparity between the 
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proportion of microfine aggregates allowable in concrete and the amounts typically 

present in fine aggregate, considerable effort and cost are expended in removing excess 

microfines. Thus, studies have been conducted to assess the impacts of allowing higher 

amounts of microfines in concrete, as some countries’ specifications presently allow 

(Ahn 2000; Quiroga et al. 2006; Quiroga et al. 2007). 

ASTM C 33 considers microfines as “deleterious;” however, Stewart et al. (2007) 

have shown that non-clay ultra-fine particles are not harmful to workability, drying 

shrinkage potential, or compressive strength. In fact, some of their results suggest the 

contrary – that microfines may have beneficial effects on concrete performance. To better 

understand the mechanism(s) behind the effects of microfines on concrete performance, 

the physical and chemical properties of microfines must be properly characterized.  

Extensive physical characterization has been performed to assess the particle 

shape and morphology of various microfines using x-ray microcomputed tomography and 

laser diffraction (Erdogan et al. 2007).  Basic chemical characterization has been 

attempted to identify elements and crystalline phases in microfines through qualitative x-

ray diffraction and scanning electron microscopy/energy dispersive spectroscopy 

(Stewart et al. 2006).  

Some very fine materials, such as silica fume and silica flour, have been found to 

increase concrete strength through densification of the interfacial transition zone between 

the large aggregates and the cement paste. These fine materials have also been found to 

provide nucleation sites for hydration products, and some have exhibited pozzolanic 

reactive properties (Reda et al. 1999).   
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6.3.2  Reasons for Investigation 

6.3.2.1  Microfines as Nucleation Sites 

 

Some fine aggregates have been identified to act as nucleation sites for growth of 

the portland cement hydration products CH and C-S-H. Nucleation is the onset of a phase 

transition in a small region. For example, consider the formation of a rain droplet. Water 

requires a non-gaseous surface on which to make the transition from a vapor to a liquid. 

Atmospheric particulates, such as soot or dust particles, on the order of 0.1mm serve as 

cloud condensation nuclei, on which a phase transition takes place under certain 

conditions changing water’s phase from vapor to liquid and subsequently forming the 

beginnings of a raindrop.  

In the case of concrete, consider microfine aggregate particles to be analogous to 

cloud condensation nuclei. As calcium and silicon reach critical concentrations in 

concrete pore solution, they will precipitate, forming CH crystals and amorphous C-S-H. 

This process requires nucleation sites, some of which may be provided by microfine 

aggregate particles. To date, few studies have been conducted to explore the possibility of 

hydration product nucleation on microfine aggregate particles.  

6.3.2.2  Pozzolanic Reactivity of Microfines 

 
Recall from Section 1.2.2 the following simplified equation: 

CH + S � C-S-H 

which represents the conversion of CH to C-S-H through the pozzolanic reaction process. 

This reaction is made possible by the availability of excess silica and is usually associated 
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with the reactivity of amorphous silica contained in silica fume and fly ash. However, 

Reda et al. (1999) found that the inclusion of large amounts of finely ground quartz, or 

silica flour, in concrete mixtures resulted in an effective pozzolanic environment which 

consumed most of the CH during hydration. SEM microanalysis revealed the absence of 

CH crystals in the mature cement paste and the presence of an unusually dense and 

homogeneous C-S-H microstructure. XRD analysis confirmed the absence of CH. The 

combined effect of reduced CH and increased C-S-H resulted in excellent mechanical 

properties of the concrete. Contrarily, the same research revealed the presence of large 

CH crystals in mixtures made with fine limestone aggregates.  

The pozzolanic potential of microfines has been suggested, but little direct 

evidence exists to confirm such behavior. A comprehensive literature search revealed 

little information regarding the reactivity of microfine aggregate materials in an alkaline, 

aqueous medium. 

6.3.3  Objective of Current Study 

 
Given the lack of direct information regarding the pozzolanic potential of 

microfine aggregates and the propensity for microfine aggregates to serve as nucleation 

sites for hydration product growth, it was desired to investigate the applicability of 

methods developed for fly ash characterization to the investigation of microfine 

aggregate reactivity. Three types of microfine aggregates were chosen for this study: two 

homogeneous, synthetic materials and one highly-heterogeneous, natural material. XRD, 

MSIA, high-resolution SEM, alkali leaching, and ICP-OES solution analysis were 

attempted to investigate the reactivity of the microfines.  
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6.3.4  Experimental 

6.3.4.1  Experimental Methods 

 

This study involves characterization of the constituents and potential reactivity of 

microfine aggregate samples. Three types of microfine aggregates were chosen for study: 

pure quartz, pure limestone, and natural granite. Each was chosen for specific reasons, 

discussed with their descriptions.  

Pure quartz (PQ) was chosen primarily due to its abundance in nature and 

subsequent use in concretes. Quartz is the most common mineral on earth, and is found in 

nearly every geological environment (Hurlbut et al. 1977). Quartz is a component in 

nearly every rock type, and thus is commonly used as concrete aggregate. Many fine 

aggregates are nearly-pure quartz sands, and quartz microfines are therefore quite 

common. In fact, finely ground crystalline quartz, or silica flour, has been shown to 

increase the density of cement paste microstructure (Reda et al. 1999). The work 

previously presented confirmed that quartz present in fly ash was inert in alkaline 

environments. This study will assess the potential reactivity of pure quartz microfines and 

their potential as nucleation sites for any precipitate resulting from such reactivity. 

According to the manufacturer (U.S. Silica), 97%, by mass, of the quartz microfines 

supplied for this study (Min-U-Sil 5) are smaller than 5µm, and 0.005% are larger than 

44µm. 

Pure limestone (PLS) was chosen due to the common use of limestone aggregates 

and additions in concrete and its compositional simplicity. Limestone aggregates are 

commonly used in the southern and midwestern states due to their abundance in those 
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areas. More importantly, the addition of finely crushed limestone to portland cement is 

becoming more commonplace. To reduce product cost, powdered limestone is added to 

portland cement following the energy-consuming clinkering process. In essence, the 

limestone is used to supply a portion of the calcium needed for cement hydration, but 

does not first need kiln processing, resulting in  reduction of  the total energy needed to 

produce a unit volume of limestone-addition cement. Effects of limestone addition on 

concrete properties are presently being studied, and thus the potential reactivity of this 

material is investigated (Vuk et al. 2001). Felekoglu (2007) found that small limestone 

particles may serve as nucleation sites for CH crystallization, and this hypothesis is also 

evaluated. According to the manufacturer (Omya Inc.), 60%, by mass, of the limestone 

microfines supplied for this study (Omyacarb F-FL) are smaller than 2µm and nearly 

100% are smaller than 6µm.  

Natural granite (NG) was chosen for study to explore the possibility of 

characterizing a more complex mineral commonly used as concrete aggregate. Granite is 

a multi-phase rock which is not trivial to characterize through traditional methods. Lydon 

(2005a) demonstrated the capability of multispectral image analysis techniques to 

characterize macro-scale granite, and thus it was desired to investigate the applicability of 

the technique to the same material at a smaller scale. This study will assess the potential 

reactivity of natural granite microfines and their potential as nucleation sites for any 

precipitate resulting from such reactivity. According to laser particle size analysis 

performed at NIST, the mean particle size of the NG sample was ≈38µm. To facilitate 

XRD analysis and obtain results more comparable with the other microfines, the NG 
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samples were microsieved with a #600 mesh sieve, the smallest available, to achieve a 

maximum particle size of ≈25µm.  

The experiments designed for characterization of microfine constituents and 

reactivity are quite similar to those designed for fly ash characterization. First, each 

sample was characterized by x-ray powder diffraction. The diffraction results for single-

phase PQ and PLS were examined for the presence of additional phases, while the results 

for NG were analyzed to determine the phases that comprise the granite.  

The samples were then carefully weighed and introduced into simulated pore 

solution of identical composition to that used for the fly ash leaching, described in 

Section 4.4. The samples were physically separated from the solution at the following 

time intervals: 12 hours, 1, 7, 28, and 56 days. Given the small particle size, the 

separation technique differed from that of the fly ash. The microfine-solution mixture 

was centrifuged for 5 minutes, and the supernatant was subsequently pipetted from the 

top of the tube, taking care not to disturb the solids. The remaining slurry was then 

transferred to a pre-weighed crucible and oven-dried for 48 hours at 40°C. The crucible 

containing the microfines was then weighed, and the mass loss was computed.  

The samples were prepared, without an internal standard, for XRD analysis. Only 

the NG sample was prepared for MSIA, given the homogenous nature of the other 

microfines. The supernatant was analyzed using ICP-OES. Compositional changes in the 

solids and solutions were evaluated. 
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6.3.4.2  Solid Phase Analysis 

 

The solid materials were analyzed using qualitative and Rietveld quantitative x-

ray diffraction. Given the homogeneity of the PQ and PLS, MSIA was not considered 

necessary to determine phase delineations. It was attempted to use the MSIA technique 

on the NG samples to examine phase distribution. However, attempts to collect EDS 

image sets of the NG samples resulted in a seemingly uniform distribution of calcium, 

silicon, aluminum, and potassium within the image area, with a few large particles barely 

recognizable. This was first thought to be an experimental error, but the process was 

repeated numerous times. After consultation with a SEM/EDS technician, it was 

determined that the particle size of the material and the particle dispersion in the epoxy 

were not suitable for EDS analysis on the system being used. The size of many of the 

particles was approaching that of the resolution of the EDS, and they were evenly and 

tightly distributed about the epoxy, thus each element map appeared as if indicating 

uniform constant radiation. Therefore, no MSIA analyses were performed on the 

microfine aggregate samples.  

The raw, unreacted materials were first characterized with XRD. The 

diffractograms for unreacted PQ, PLS, and NG are shown in Figures 6.10 to 6.12, 

respectively. All of the peaks in Figures 6.10 and 6.11 correspond to quartz and calcium 

carbonate (limestone), respectively. There were no measurable impurities present in the 

samples. The diffraction pattern of NG was complex due to the multi-phase nature of the 

mineral. Time-consuming qualitative analysis was performed, according to the procedure 
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described in Section 4.2.2.1. The complexity of the pattern led to considerable peak 

overlap, hindering qualitative analysis. However, quartz and albite (NaAlSi3O8), a 

plagioclase feldspar, were identified as the primary constituents. Biotite and hornblende, 

both solid solutions, were also identified as minor constituents. Biotite is a common mica 

with the approximate chemical formula K(Mg, Fe)3AlSi3O10(F, OH)2. Hornblende refers 

to a series of minerals which are indistinguishable by ordinary means and have the 

approximate chemical formula Ca2(Mg, Fe, Al)5 (Al, Si)8O22(OH)2 (Hurlbut et al. 1977). 

 

 

Figure 6.10 Diffractogram of Unreacted Pure Quartz Microfines 
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Figure 6.11 Diffractogram of Unreacted Pure Limestone Microfines 
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Figure 6.12 Diffractogram of Natural Granite Microfines 

 

Following characterization of the unreacted materials, the samples were subjected 

to the alkaline solution, as described above. The mass change of each sample was 

measured at each timestep. The mass change data are presented in Table 6.4 as percent of 

the original mass of the sample. 
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Table 6.4 Mass Change of Microfine Samples, % 

 

Mass Change (%) 
Time (d) 

PQ PLS NG 

0.5 0.25 0.41 0.13 

1 0.42 -0.17 -1.15 

7 0.11 -1.61 1.87 

28 0.18 -7.79 3.42 

56 0.24 -13.11 5.14 

 

The mass of the PQ samples did not change considerably, indicating no 

dissolution of the quartz or precipitation. The mass of the PLS samples decreased 

continuously after 1 day, indicating partial dissolution of the limestone. The mass of the 

NG samples decreased after 0.5 days to approximately 1 day, then increased continuously 

to 56 days. This may indicate initial dissolution and subsequent precipitation of hydration 

product.  

Each sample was prepared for XRD analysis. The PQ and PLS samples were 

analyzed qualitatively and analyzed using Rietveld quantitative techniques to determine 

the relative amount of amorphous material present. A series of diffractograms are  

presented in each of Figures 6.13 to 6.15. The three-dimensional presentation of the PQ 

and PLS patterns allows qualitative comparison of the diffraction patterns for each 

material. The individual patterns are numbered in each figure. The number 0 corresponds 

to the pattern for the raw, unreacted material and the numbers 2 to 6 correspond to the 

patterns for 0.5, 1, 7, 28, and 56 days of leaching, respectively. The complexity of the NG 

diffractograms resulted in a confusing three-dimensional diagram. Thus, Figure 6.15 

shows only two patterns, that of the unreacted sample in the foreground and that of the 
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56-day sample in the background. The diffractograms for the 0.5 to 28 day NG samples 

were nearly identical, and thus are not displayed. 

 

 

Figure 6.13 3-Dimensional Display of PQ Diffractograms for Each Leaching Timestep 
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Figure 6.14 3-Dimensional Display of PLS Diffractograms for Each Leaching Timestep 
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Figure 6.15 Display of NG Diffractograms for Unreacted Sample (Foreground) and 56-
day Sample (Background) 

 

Figures 6.13 and 6.14 show no significant change in crystalline composition of 

the PQ and PLS samples. Minor peak height differences can be attributed to preferred 

orientation of crystals caused by sample preparation and are not significant. Figure 6.15 

shows some minor changes in the crystalline constituents, most notably with a peak near 

30.45° 2θ in the 56-day pattern (background) which was not present in any of the other 
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samples. This indicates either sample contamination or the formation of some crystalline 

hydration product. Unfortunately, after a thorough search of literature and the powder 

diffraction database, no suitable material was identified with a primary peak near 30.45° 

2θ. Other representative peaks of this material may be hidden due to peak overlap, 

complicating the  identification process.  

The results of the Rietveld quantitative x-ray diffraction analysis of the PQ and 

PLS samples are presented in Table 5.5. Only the percentage of amorphous material is 

presented, as the difference is comprised of the single-phase crystalline material. The NG 

samples were not analyzed using this procedure due to the complexity and variable 

stoichiometry of the constituents in solid solution.  

Table 6.5 Amorphous Phase Fractions for PQ and PLS Samples 

 

Amorphous Phase 
Fraction (%) Time (d) 

PQ PLS 

0.5 1.13 5.61 

1 0.57 6.13 

7 0.63 5.59 

28 1.29 5.13 

56 0.99 6.17 

 

The bulk amorphous fraction of the PQ and PLS sample fluctuates, but neither 

changes significantly. This is a preliminary indication that no amorphous hydration 

product has been precipitated on the PQ and PLS microfine aggregate particles.  
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6.3.4.3  Leachate Solution Analysis 

 
The supernatant liquid from the 1, 7, and 56 days samples was analyzed using 

ICP-OES. Concentrations of Si
4+

, Al
3+

, Ca
2+

, Na
+
, and K

+
 were measured. The results of 

the solution analysis for the PQ, PLS, and NG samples are presented in Tables 5.6 to 5.8, 

respectively.  

 

Table 6.6 Ionic Concentrations of Leachate Solution for PQ Samples 

 

Ion Concentration (ppm) 
Time (d) 

Si
4+

 Al
3+

 Ca
2+

 K
+
 Na

+
 

0 17 2 24 10201 2531 
1 12 0 22 9170 2570 
7 18 0 25 9745 2548 
56 19 0 23 10100 2567 

 

Table 6.7 Ionic Concentrations of Leachate Solution for PLS Samples 

 

Ion Concentration (ppm) 
Time (d) 

Si
4+

 Al
3+

 Ca
2+

 K
+
 Na

+
 

0 17 2 24 10201 2531 
1 14 0 27 9506 2581 
7 18 0 34 9702 2603 
56 14 0 61 9800 2555 
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Table 6.8 Ionic Concentrations of Leachate Solution for NG Samples 

 

Ion Concentration (ppm) 
Time (d) 

Si
4+

 Al
3+

 Ca
2+

 K
+
 Na

+
 

0 17 2 24 10201 2531 
1 20 4 26 11506 2527 
7 21 3 31 11900 2549 
56 23 3 31 12131 2551 

 

The solution analysis data for the PQ samples shows relatively constant ionic 

concentrations over time, indicating that no dissolution is taking place. The data for the 

PLS samples show that only the concentration of Ca
2+

 changes with time. This increase 

indicates dissolution of the limestone. The data for the NG samples show subtle increases 

in the concentrations of all ions except Na
+
, which remains relatively constant. This 

indicates dissolution of one or more of the phases comprising the granite samples.  

6.3.4.4  High-Resolution SEM Imaging 

 
Since NG was the only type of microfine aggregate which reacted to cause 

precipitation, a powder sample was prepared and analyzed using high-resolution SEM to 

confirm the presence of precipitate. A SEM image of NG particles after 56 days of 

leaching is shown in Figure 6.16. 
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Figure 6.16 SEM Image of Precipitate-Covered NG Particles. Field Width: 2µm 

 

The SEM image confirms the presence of some precipitate on the surface of the 

NG particles. In the absence of such precipitate, the particles would appear angular, with 

smooth sides. The precipitate appears amorphous, similar to that of the portland cement 

hydration product C-S-H. Also note the slender, fiber-like, material in the foreground. 

This ≈300nm wide material may be some form of sample contamination, or could be a 

crystalline hydration product, perhaps of the species unidentified through XRD analysis. 
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6.3.5  Summary, Discussion, and Conclusions 

Three types of microfine aggregates were selected for study using the 

microanalytical methods developed for characterization of fly ash. Pure quartz, pure 

limestone, and natural granite were selected for specific reasons and samples of each 

were subjected to a leaching procedure very similar to that employed in the fly ash study. 

Following physical separation of the microfines from the leachate at predetermined time 

intervals, the solids were analyzed using XRD and the solutions were analyzed using 

ICP-OES. Unfortunately, the MSIA procedure could not be employed for this work. 

Preliminary XRD analysis indicated the purity of the PQ and PLS microfines, and 

the complexity of the NG microfines. The mass change data indicate partial dissolution of 

the PLS samples and partial dissolution of the NG samples, followed by some 

precipitation. The solution analyses complement the XRD data, indicating partial 

dissolution of PLS and NG and no dissolution of PQ.  

It has been shown that microfine quartz is inert in the alkaline environment used 

in this testing regime and does not act as a nucleation site in the absence of portland 

cement. Microfine limestone has been shown to dissolve in an alkaline environment, but 

no nucleation of hydration product was observed. Microfine natural granite has been 

shown to be reactive in an alkaline environment, dissolving and acting as a nucleation 

site for precipitation in the absence of portland cement.  

The reactivity of microfine granite should be studied further, as it may have 

effects on concrete strength or durability. The granite reaction will almost certainly affect 

the cement paste microstructure. Furthermore, attempts should be made to characterize 

granite and other multi-phase fines using MSIA. Use of a high-resolution EDS should be 
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explored, along with larger particle sizes and different epoxy/powder ratios to optimize 

image collection. Reactivity studies of multi-phase microfines could be performed using 

an addition of insoluble internal standard before subjecting the samples to the leachate. 

This could yield quantitative information regarding the dissolution of the discrete 

material phases; however, care must be taken to select an appropriate internal standard. 

Finally, scanning transmission electron microscopy (STEM) may be used to explore the 

growth of cement hydration products on microfine aggregate particles. The STEM may 

achieve nanometer-scale resolution at beam energies low enough to permit observation of 

hydrated precipitates. 
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Chapter 7: Summary, Conclusions, Implications, and Suggestions for 
Future Research  

 

7.1   SUMMARY OF EXPERIMENTAL PROGRAM 

 
Fly ash is an inherently heterogeneous coal-combustion by-product commonly 

used as a replacement of portland cement in concrete. Fly ash is used for economic 

reasons and to improve the performance of the concrete to which it is added. To produce 

a quality concrete, the raw materials must be carefully selected, considering the effects of 

each material’s properties on those of the final product.  

Fly ash is a complex material, consisting of both crystalline and amorphous 

phases, each with unique reactivity in the concrete environment. The composition of fly 

ashes varies by geographic location, mineralogy of the parent coal, coal plant burning 

configuration, and ash collection method, among others. A method of identifying and 

characterizing the discrete phases in this highly-variable, and often quite complex, 

material could lead to a better understanding of the influences of fly ash on concrete 

properties and thus result in a better quality end product.  

Qualitative and quantitative methods have been developed and refined to 

characterize the crystalline and amorphous phases of a Class F fly ash and investigate the 

reactivity of each of those phases in solution. The crystalline phases were first identified 

through qualitative x-ray diffraction (XRD), where diffraction peak locations of known 

materials were compared to the diffraction pattern for the fly ash investigated. The 

amorphous phases were identified using a synergy of scanning electron microscopy 
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(SEM), energy dispersive spectroscopy (EDS), and multispectral image analysis (MSIA). 

The SEM/EDS method was used to collect digital maps of the spatial distribution of 

elements in a polished section of fly ash. An image analysis tool was then used to overlay 

those maps, creating a multispectral image indicative of the discrete element 

combinations, or phases, present in the sample.  

Following comprehensive qualitative identification of the phases present in the 

sample, the relative proportion of each of those phases in the sample was determined. 

Rietveld quantitative x-ray diffraction (RQXRD) was used to quantify the crystalline 

phases. A theoretical curve was parametrically fit to the experimental diffraction data, 

creating an effective separation of phases from which the individual phase quantities, by 

mass, were then determined. MSIA was again used to quantify the amorphous phases. 

The multispectral image was statistically segmented into the discrete phases previously 

identified, and the sum of the image areas occupied by each phase was computed. The 

area fractions were correlated to volume and then mass fractions.  

Following comprehensive quantitative characterization of the phases present in 

the sample, the reactivity of each phase was studied. Fly ash samples were rigorously 

characterized, then subjected to one of three alkaline solutions or water. The fly ash was 

physically separated from the solutions at pre-determined time intervals, and its 

composition was analyzed using XRD and MSIA to determine changes in crystalline and 

amorphous phases with time. The composition of the leachate solution was also analyzed, 

using inductively coupled plasma – optical emission spectroscopy (ICP-OES).  

Two case studies were conducted to assess the applicability of the aforementioned 

analytical techniques to characterizing other micro-scale materials commonly found in 
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concrete. Qualitative XRD and quantitative RQXRD, along with MSIA, were used to 

investigate the composition of three Class C fly ashes which caused unexpected results in 

laboratory testing for sulfate attack. Qualitative XRD and quantitative RQXRD were also 

used, along with ICP-OES, to investigate the reactivity of microfine aggregates in an 

alkaline environment. The potential of these aggregates to act as nucleation sites for 

cement hydration product precipitation was also explored.  

7.2    SUMMARY OF RESULTS AND CONCLUSIONS 

 

The conclusions itemized in this section are based on research presented in this 

dissertation for characterization of phase composition and reactivity of a Class F fly ash 

and other micro-scale materials commonly found in concrete. 

7.2.1  Characterization of Crystalline Phases in a Class F Fly Ash   

 

• The crystalline phases of a Class F fly ash were identified through qualitative 

XRD. Due to the number of crystalline phases present and subsequent complexity 

of the diffraction pattern, the primary representative peaks for each phase present 

did not always appear due to peak overlap. However, a working knowledge of the 

phases commonly present in Class F fly ashes and their representative peak 

locations enabled comprehensive identification of the crystalline phases. 

• The relative proportions of the crystalline phases present in a Class F fly ash were 

determined with through RQXRD. Accurate qualitative phase identification was 
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necessary before quantification is possible, and detailed information regarding the 

crystalline structure of each phase was required for Rietveld analysis.  

• The Class F fly ash studied contained 77% amorphous material and 23% 

crystalline material. The crystalline phases identified were quartz (16.4%), mullite 

(3.6%), maghemite (2.1%), periclase (0.4%), and ettringite (0.2%). The ettringite 

was likely present due to partial hydration of the fly ash during storage.  

• The accuracy of results obtained through this method is subject to proper 

qualitative phase identification and proper refinement technique as described 

herein. Sample preparation for crystalline phase analysis is straightforward and 

relatively simple, facilitating the collection of large amounts of data. Qualitative 

analysis is quite time consuming for a given fly ash, as is preliminary Rietveld 

pattern refinement. However, once qualitative analysis and preliminary 

refinement are complete, the analytical process is straightforward and efficient. 

7.2.2  Characterization of Amorphous Phases in a Class F Fly Ash     

 

• The amorphous phases of a Class F fly ash were identified through MSIA of high-

resolution element maps collected through SEM/EDS. Qualitative and semi-

quantitative analysis of overlays of multiple element maps resulted in 

determination of the number of mutually exclusive amorphous phases present in 

the fly ash, and identification of the location(s) of each of the phases. Elemental 

analysis of each phase yielded rough chemical compositions of each phase to 

confirm its exclusivity from the others. Results obtained through use of this 
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method are quite subjective because they depend on user-defined constraints on 

the statistical image analysis. Statistical parameters may be defined such that an 

almost infinite number of phases may be identified based upon infinitesimal 

differences in elemental composition. Parameters must be selected and subsequent 

analyses tested such that phase delineations appear reasonable and yield results of 

appropriate complexity for the research at hand.  

• The relative proportions of amorphous phases of a Class F fly ash were identified 

through quantitative MSIA. The results obtained through this method are 

subjective only in that they rely on qualitative phase identification and 

delineation. Suitable qualitative analysis of amorphous phases will result in 

accurate quantification. 

• The MSIA method developed and refined for analysis of amorphous phases also 

resulted in the identification and quantification of some of the crystalline phases 

present. These crystalline phase proportions were easily excluded from the 

amorphous-phase analysis, and yielded a means of comparison of the 

multispectral image analysis method to the RQXRD method.  

• Five mutually exclusive amorphous phases were identified in the Class F fly ash 

studied. Three calcium-modified aluminosilicate phases (C-A-S 1, C-A-S 2, and 

C-A-S 3) and two alkali-modified aluminosilicate phases (K-A-S and N-A-S) 

were present. C-A-S 1 contained approximately 47% calcium oxide, 35% 

aluminum oxide, and 17% silicon oxide. C-A-S 2 contained  81% calcium oxide, 

12% aluminum oxide , and 7% silicon oxide. C-A-S 3 contained approximately 

15% calcium oxide, 67% aluminum oxide, and 18% silicon oxide. The respective 
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proportions of C-A-S 1, C-A-S 2, and C-A-S 3 were approximately 47%, 4%, and 

26%. N-A-S contained approximately 74% sodium oxide, 17% aluminum oxide, 

and 9% silicon oxide. K-A-S contained approximately 93% potassium oxide, 5% 

aluminum oxide, and 2% silicon oxide. The respective proportions of N-A-S and 

K-A-S were approximately 0.17% and 1.68%. 

• Sample preparation for amorphous phase analysis is more complex and far more 

time consuming than that for crystalline phase analysis. Polished section 

preparation for SEM/EDS analysis is a multi-step process completed over a 

period of days. Analytical equipment usage for amorphous phase analysis was 

very intense. A suitable SEM/EDS system should be carefully selected, and a 

subset of samples should be chosen to minimize costly equipment usage. 

7.2.3  Reactivity of Crystalline and Amorphous Phases in a Class F Fly Ash 

• Controlled leaching experiments in alkaline solutions and water resulted in 

dissolution of the fly ash and precipitation of crystalline and amorphous hydration 

products.  

• The reactivity of crystalline phases in a Class F fly ash was assessed using 

RQXRD. Characterization of the raw, un-reacted material, followed by 

characterization of reacted samples, indicated changes in crystalline phase 

composition and proportion over time. Crystalline phase reactivity analysis of the 

fly ash studied revealed that the crystalline phases in that fly ash were, in fact, 

inert in an alkaline environment, as expected. Furthermore, the analysis revealed 

the formation of a crystalline hydration product in some of the samples. Ettringite 
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formed within days of the start of the leaching experiment in the actual pore 

solution, sodium hydroxide solution, and ultrapure water. Additionally, calcite 

and vaterite formed in the sodium hydroxide solution.  

• The reactivity of amorphous phases in a Class F fly ash was assessed using MSIA 

of high-resolution SEM/EDS element maps. Characterization of the raw, un-

reacted material, followed by characterization of reacted samples, indicated 

changes in amorphous phase composition over time. Amorphous phase reactivity 

analysis of the fly ash studied revealed the high reactivity of alkali-modified and 

high-calcium glasses, as expected. However, low-calcium glasses appeared more 

reactive than intermediate-calcium glasses, an unexpected result.  

• Bulk reactivity assessment carried out through solution analysis by ICP-OES was 

of limited success. The solution compositions varied tremendously during the first 

day of the fly ash-solution reaction, and the sampling timesteps were not close 

enough to demonstrate trends. Furthermore, although some trends were noticed 

among the solution analysis results, no definitive conclusions regarding fly ash 

behavior could be drawn. The solution analysis does not discern between the 

reactivity of crystalline and amorphous phases, and provides only a method of 

balancing the combined results of direct crystalline and amorphous phase 

analysis. More closely spaced timesteps will be needed to draw definitive trends 

from the solution analysis results.  

• Sample preparation for ICP-OES solution analysis is not complex, but very time 

consuming. Multiple dilutions of each sample must be made for each element to 

be analyzed, since the detectable concentration must be in a certain range. 
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Therefore, the solution analysis method was of limited applicability to the studies 

conducted.  

• The leaching system is ideal for studying the reactivity of fly ash itself, without 

considering the effects of portland cement. The leaching can be carried out in 

alkaline solutions of any pH or ionic concentration, and is only limited by the 

time necessary to achieve considerable reaction. Solutions should be carefully 

chosen to accurately model the system in which fly ash reactivity is to be 

investigated.   

7.2.4 Case Studies: Application of Analytical Methods to Other Micro-Scale 
Materials 

 

• Crystalline phase analyses were carried out on three Class C fly ashes through 

qualitative XRD and RQXRD. Class C fly ashes generally contain more 

crystalline phases than Class F fly ashes, so quantitative analysis of the diffraction 

pattern was expected to be more difficult. Again, with knowledge of commonly 

occurring crystalline phases and their representative peak locations, the crystalline 

constituents of a Class C fly ash were identified as quartz, β-C2S, C3Ac, C3Ao, 

merwinite, gehlenite, periclase, magnetite, and anhydrite.  

• Amorphous phase analysis was also carried out on three Class C fly ashes through 

MSIA of high-resolution SEM/EDS element maps. The amorphous fractions of 

the Class C fly ashes studied proved more complex than the amorphous fraction 

of the Class F fly ash; thus, rigorous quantitative analysis was not performed.  
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• Crystalline phase analysis proved useful for studying the reactive potential of 

microfine aggregates. Qualitative XRD methods were used to determine the 

presence of any impurities in the pure microfines and to identify the phases 

present in the multi-phase microfine. No impurities were found in the pure 

limestone or pure quartz microfines. Quartz, albite, biotite, and hornblende were 

identified in the natural granite microfines.   RQXRD was used to determine the 

relative amounts of bulk crystalline and amorphous material present in the reacted 

pure microfine samples, but the Rietveld method was not applied to the multi-

phase microfine due to its complex diffraction pattern and variability in solid 

solution mineralogy. 

• Phase analysis of microfines using multispectral image analysis of high-resolution 

SEM/EDS element maps was not successful due to the experimental technique 

employed. The particle size of the multi-phase microfines approached the 

resolution of the EDS, thus element maps indicating phase delineations could not 

be collected.  

• Leachate solution compositional analysis by ICP-OES was very effective in 

assessing the reactivity of microfine aggregates. Solution analysis results clearly 

indicated the inert behavior of pure quartz microfines, the dissolution of pure 

limestone, and the dissolution of natural granite and subsequent precipitation of 

hydration products on the aggregate particles. The latter was confirmed through 

SEM imaging. 
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7.3    IMPLICATIONS OF RESEARCH 

 
The research presented herein employed analytical techniques not commonly used 

for the characterization of fly ash to better understand the composition and behavior of 

the widely-used material. In fact, the current research includes the first known application 

of MSIA to the characterization of fly ash. This research has resulted in the development 

and refinement of analytical tools for the characterization of fly ash and carries possible 

implications in academic and industrial arenas alike. Such implications include, but are 

not limited to, the following: 

• Although qualitative XRD has been used in moderation to determine the 

crystalline phases present in fly ash, the Rietveld method has rarely been 

employed for quantification of those phases. The RQXRD method has wide 

applicability to fly ash producers and users. When properly implemented, the 

method yields useful information regarding the amounts of crystalline phases and 

the bulk amorphous content of fly ash. Implementation of the RQXRD method is 

straightforward when appropriate training is provided and proper procedures are 

followed.  

• MSIA may be employed by fly ash producers and researchers to characterize the 

amorphous phases present in a fly ash. This characterization could lead to 

correlation between amorphous phase composition and physical properties of 

concrete, and thus could be used as a quality control measure. The MSIA method 

requires specialized equipment and is quite subject to user input; therefore the 
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method is not currently suitable for mass-production analysis and should be 

employed only by trained researchers.  

• The synergistic application of the RQXRD and MSIA methods, along with 

controlled alkali leaching, to the characterization of fly ash will lead to 

comprehensive characterization of the phases in the material and their respective 

reactivities in a concrete environment. Again, such characterization may lead to 

the correlation between phase composition and physical properties of concrete. 

This understanding of the effects that each phase has on concrete properties may 

result in a better quality end-product. The methods may also be used retroactively 

to assess the causes of damage to concrete resulting from use of unsuitable fly 

ash. 

• The use of SEM, EDS, ICP-OES, and perhaps MSIA, may lead to a better 

understanding of the reactivity of microfine aggregates and their potential to serve 

as nucleation sites for hydration products. This characterization has broad 

implications for understanding the behavior of high-microfine concrete at early 

ages. Given the increasing use of limestone additions to portland cement, such 

analysis may also result in an improved end-product, increase the energy-saving 

and cost-saving use of limestone additions, and may ultimately have a positive 

environmental effect. 
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7.4   RECOMMENDATIONS FOR FUTURE RESEARCH 

 

The current research has only begun to explore possibilities for the use of 

analytical tools for characterization of fly ash and other micro-scale civil engineering 

materials. Suggestions for further research include, but are certainly not limited to, the 

following: 

• A database should be compiled of fly ashes commonly used in the concrete 

industry. These fly ashes should first be qualitatively characterized using XRD, to 

identify the crystalline phases present. Then, crystalline structure data should be 

acquired through a search of available literature and crystalline structure 

databases. The structural information should then be formatted so as to satisfy the 

requirements for Rietveld analysis using a given software suite. This database of 

mineral structure data will expedite quantitative analysis of a large number of fly 

ashes.  

• The MSIA method should be further refined and tested. Particular effort should be 

focused on determining the effect of each of the user-defined parameters on the 

accuracy of the analysis. This may be accomplished by analyzing NIST reference 

standards or other material of known phase composition. Texts have been 

referenced herein which describe the statistical bases for the analysis. The 

parameters should be varied such that an optimum configuration is established. 

Detailed analytical procedures should be developed to standardize the analytical 

process. The configuration and procedures should then be used for subsequent 

analyses to prevent error induced from user subjectivity. Single and multi-
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operator precision may be determined through inter-laboratory studies once a 

standardized procedure has been developed. 

• The sample preparation procedure for MSIA should be refined. The fly ash/epoxy 

ratio may be increased, resulting in better imaging statistics.  

• Databases currently exist which correlate the use of certain fly ashes with physical 

properties of the concrete. Using the methods presented herein, the fly ashes used 

for the aforementioned studies should be comprehensively characterized, with 

respect to both amorphous and crystalline components. A multivariate statistical 

approach should then be taken to establish correlation between fly ash phase 

properties and physical properties of concrete.  

• Following refinement of the MSIA method, its use should be extended to fly 

ash/cement systems. For example, hydrating fly ash/cement pastes may be 

analyzed to show raw constituent and hydration product phase changes over time.  

• Further reactivity studies should be conducted on a range of microfine aggregates. 

This may be accomplished through controlled leaching, RQXRD, MSIA, and 

ICP-OES. A database of reactivity potentials for commonly used microfine 

aggregates should be compiled. Correlations between microfine aggregate 

reactivity and concrete performance may also be drawn. 
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Appendix A: Notations 

 

A.1  CEMENT CHEMISTRY NOTATIONS 

A    Al2O3  

C    CaO 

F    Fe2O3 

H    H2O 

K    K2O 

N    Na2O 

S    SiO2  

S     SO3 

A.2  ACRONYMS AND ABBREVIATIONS 

  EDS    Energy Dispersive Spectroscopy 

  ICDD   International Center for Diffraction Data 

  ICP-OES  Inductively Coupled Plasma – Optical Emission Spectroscopy 

  LEGS   Limestone Electric Generating Station 

  MSIA    Multispectral Image Analysis 

  NG    Natural Granite 

  PLS   Pure Limestone 

  PQ    Pure Quartz 

  RQXRD  Rietveld Quantitative X-Ray Diffraction 
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  SCM   Supplementary Cementitious Material 

  SEM   Scanning Electron Microscopy 

  TEM   Transmission Electron Microscopy 

  w/s    Water to Solids Ratio 

  XRD   X-Ray Diffraction 

  XRF   X-Ray Fluorescence Spectroscopy 

A.3  MATHEMATICAL NOTATIONS 

,am i
a     Reported area fraction of amorphous phase i  

cr
a     Total area fraction of crystalline phases 

i
a     Area fraction of phase i  

c   Sum of the crystalline phase fractions detected by MSIA for 

untreated fly ash 

t
c   Sum of the crystalline phase fractions detected by MSIA at 

timestep t  

d Separation of scattering centers in a crystal lattice, measured 

perpendicular from the sample surface 

I  Mass percentage of internal standard as determined directly by 

Rietveld analysis 

'I     Known mass percentage of internal standard 

,i o
m     Mass fraction of phase i  prior to leaching 

,i t
m     Mass fraction of phase i  at time t  
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n     An integer 
 

,am i
n     Normalized area fraction of amorphous phase i  

am
P   Mass percentage of amorphous material present in original sample 

i
P  Mass percentage of phase i  determined directly by Rietveld 

analysis 

'
i

P     Mass percentage of phase i  present in a spiked sample 

''
i

P     Mass percentage of phase i  present in original sample 

,i t
p     Phase fraction of phase i  at timestep t  

i
v     Volume fraction of phase i  

i
δ     Density of phase i  

i
m∆    Change of mass fraction of phase i  

λ      Wavelength of x-radiation 
 

θ     X-Ray incident angle, measured from grazing incidence 
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