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EXECUTIVE SUMMARY

E1 Background

The mineralogical composition of portland cements is dependent on the composition of the
raw materials used and the thermal processes employed in producing portland cement clinker.
Since the raw materials and thermal processing used by cement plants can vary considerably, it
follows that the mineralogical composition of cements can vary over time, for a given cement
plant, and substantially for cements produced at different plants. The quality and durability of
concrete elements depend to a large extent on the properties of the cement and cementitious
materials used in concrete mixtures. Durability of concrete structures can therefore be improved
by appropriately verifying and characterizing the mineralogical composition of the cementitious

system used in structural concrete.

The importance of accurately determining cement composition cannot be overstated —
development of concrete plastic and hardened properties is based on cement hydration, which is a
physico-chemical process that is controlled by the phases present, their reactivity, and their
chemical and mineralogical composition. With the use of chemical and mineral admixtures, phase
composition of cement becomes even more important, as some admixtures are prone to generate

undesirable interactions with some of the cement compounds, such as the aluminates.

The main purpose of this study was to establish a protocol to quantify accurately the
mineralogy of portland cement and blended portland cement constituents using appropriate
analytical technique(s) in order to improve the structural durability of concrete elements in the

state of Florida.

E2 Research Objectives

The objectives of this investigation were to identify appropriate analytical techniques that
can be adopted to routinely quantify the mineralogical characteristics of cementitious systems. Part
of this process involved the establishment of protocols for routine characterization and
quantification of portland cements and blended binary cementitious systems incorporating Class
F fly ash, ground granulated blast furnace slag, and limestone. The objectives of this study were
established to provide the Florida Department of Transportation (FDOT) with the tools necessary
to conduct the mineralogical analyses needed to reliably qualify cementitious materials for use on

Vi



FDOT projects in the state of Florida, and to ensure adequate quality control of cementitious systems.
This would place the State Materials Office (SMO) in a position to tailor the durability of concrete
mixture designs and to develop and manage performance-based specifications. Without this research,
the SMO will be limited in its ability to ensure the quality and durability of future Florida concrete

structural elements.

E3 Main Findings

The findings of this study indicate that:

1. X-ray diffraction, coupled with Rietveld Refinement and PONKCS analyses, renders
accurate quantification of slag and fly ash contents in blended cements with high
precision and accuracy.

2. A step-by-step protocol was established for the quantification and analyses of portland
cements, and the binary blends of portland cement-fly ash, portland cement-ground

granulated blast furnace slag, and portland cement-limestone.

E4 Recommendations

Adoption of the outlined protocol for blended cementitious systems is highly recommended
for the verification of the constituents of blended portland cement-SCM systems. This should
directly enhance the durability of concrete elements in the infrastructure system of the state of

Florida.

ES Recommendations for Implementation of Results from this Study

Implementation of the results could be accomplished by the following:

1. Change FDOT specifications to require quantitative XRD analyses (QXRDA) of
all cementitious materials as part of the acceptance program and for Quality
Assurance procedures.

2. Coordinate with the Construction Materials Group in the Department of Civil and
Environmental Engineering of the University of South Florida to host workshops
for the characterization and phase analyses of portland cements and blended
cementitious systems used by the state of Florida Department of Transportation.
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The training received would enable FDOT personnel to perform QXRDA on
cementitious raw materials at the State Materials Office (SMO).
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Chapter 1.  Literature Review
1.1 Introduction

Concrete performance and durability is known to be affected by its binder; namely,
portland cement. Portland cement is a multiphase material, and as such, its properties and
performance are primarily controlled by its constituents. While the main phases present in ordinary
portland cement (OPC) have been well studied for about a century, variation and modification in
its manufacturing technology and clinkering process continue to impose challenges on phase
quantification.

The main and most predominately used phase identification and quantification technique
of OPC is powder x-ray diffraction (XRD). Over the last decade, Rietveld refinement has become
the most popular method for phase quantification, and current literature is replete with publications
on application of this method to quantification of OPC [1-13], as well as supplementary
cementitious materials (SCMs) [10, 14-27]. While the accuracy of cement quantification using
Rietveld refinement is significantly higher than the traditional Bogue method [28] or the modified
Bogue method [29, 30], there is still a debate in the literature [2, 4] regarding the accuracy of phase
amounts obtained by Rietveld refinement. Frequently, it is said that the values obtained by
Rietveld refinement represent the relative phase abundance rather than absolute values of phase
content. While traditional single-peak methods allow each phase to be determined independently,
the Rietveld method requires all phases present in the sample to be identified and included in the
analysis. Presence of minor phases in OPC that may have been excluded from the analysis, and
the presence of amorphous content in blended cements violate this underlying assumption of the
Rietveld method, resulting in incorrect phase quantification. A number of methods have been
proposed to overcome these issues, such as the use of an internal or external standard. A discussion
of these methods, including their advantages and disadvantages, is presented in this literature

review.
1.2 Powder X-ray Diffraction

Prior to discussing various methods of XRD data analysis, it is important to understand the
inherent limitations and possible errors associated with collection of x-ray diffractograms in OPC
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samples. It should be noted that aberrations associated with Bragg-Brentano parafocusing
geometry, which is used by most commercial diffractometers, are not included in this discussion.

A review of these aberrations and their effect on the collected diffractograms can be found in [31].

The XRD technique is based on the constructive interference of the diffracted beam by the
ordered lattice structure of various crystalline phases in a material [31]. Since amorphous materials
do not have an ordered structure, they cannot be directly identified by this technique. Although
the presence of amorphous content in OPC is still a point of debate in the literature, this clearly
presents a challenge in the analysis of blended cements, where a significant amorphous fraction is
contributed by the addition of SCMs.

1.2.1 Phase Identification

Quantification of cement phases relies on identification of mineralogical phases in cement,
and is typically performed by matching diffraction peaks produced by the sample to a database of
powder diffraction files (PDF). Phase identification in portland cements is not a trivial problem.
Main peaks for the major clinker phases suffer from severe peak overlap in the region of 31 to 35°
20 (CuKa radiation). Moreover, identification of the correct crystal structure for each of the
cement phases is complicated by 1) the existence of polymorphs for alite (CsS), belite (C»S), and

C3A, and 2) the typical variability of the C4AF composition.
1.2.1.1 Extractions

The problem of peak overlap can be partially solved by performing selective dissolution
(extraction) of clinker phases [13]. Combining selective dissolution with powder XRD has been
shown to improve identification and quantification of phases present in low amounts in

cementitious materials [32].

Gutteridge [33] proposed a procedure to dissolve aluminates and ferrites in an aqueous
solution of sucrose and potassium hydroxide (KOSH extraction), which leaves a residue of CsS,
C-S, alkali sulfates, and MgO [32]. Takashima [34] introduced a method of dissolving the silicates
in a solution of salicylic acid in methanol (SAM), which leaves a residue of the aluminates, ferrites,

and minor phases, such as periclase, carbonates, alkali sulfates, and double-alkali sulfates [32, 33].



Subsequently, Hjorth and Laurén [35] showed that solution concentration can be adjusted to
dissolve most of the alite, leaving a residue containing belite in addition to aluminates and ferrites
(modified SAM extraction). A combination of KOSH and modified SAM extractions can be used
to isolate the belite phase. Silicate dissolution in a solution of maleic acid in methanol has also
been proposed [36]; however, in the case of the presence of water in methanol, this method may

involve problems with ettringite formation [37].
1.2.1.2 Polymorphism

CsS is known to have seven (7) polymorphs: triclinic T1, T2, T3, monoclinic M1, M2, M3,
and the rhombohedral high-temperature polymorph R [30]. The structure of the different alite
polymorphs is complicated by the disorderly orientation of silicate ions [8]. However, industrial
cements typically contain M1 and M3 polymorphs, which are stabilized at room temperature by
the presence of sulfate or magnesium impurities [38]. Cements and clinkers can have almost pure
M1 [39] or M3 [40] polymorphs, as well as a mixture of both polymorphs [8]. Although their
diffraction patterns are very similar, Courtial et al. [41] suggested a procedure for visual
identification of the alite polymorph based on observing the peak shape in several 26 angular
windows: 24.5° - 28.5°, 31.5°-33.5°, 36° - 38°, and 51° - 53°. Maki and Goto [38] indicated that
the alite polymorphs primarily depend on the relative amount of MgO and SOs in clinker. As was
shown by Le Saodt et al. [8], increasing the SOz content in clinker causes an increase of the M1
polymorph content in the M1-M3 mixture, while MgO fosters formation of the M3 polymorph.
Additionally, a recent investigation [42] showed that an increase in MgO content in clinker causes
an increase of the total amount of alite phase in contrast to belite. Specifically, alite and belite

contents are linearly related to the SOs/MgO ratio.

C>S has five (5) polymorphs: vy, B, a’L, a’n, and o [30]. In industrial clinkers, C2S is
typically present in the $-C2S form, although the presence of a- and a’-C2S polymorphs have also
been reported [43, 44]. Gies and Knofel [43] state that formation of a- and a’-C»S is more likely
in the alkali-rich clinkers, especially in the absence of sulfates. y-C>S can also be present in the
kiln, although its formation on cooling is highly undesirable as it leads to “dusting” [30]. Although
it is generally considered that the presence of even small amounts of impurities is sufficient to

stabilize the B-C2S polymorph and prevent its conversion to y-C2S on cooling, occurrence of kiln
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dust is still a common phenomenon in the clinkering process. The C;S polymorphs can be
distinguished by observing the peaks in the 29 to 35° 26 range [30, 32] on a belite-enriched
extraction residue, as belite peaks in this range are overlapped by alite peaks.

Although pure C3A has no polymorphs (it is cubic), some of the sodium ions can substitute
for the calcium ions in CsA structure during the clinkering process resulting in a compound with
a general formula NaxxCaz-xAl20s [30]. The cubic structure is maintained up to 2.4% Na,O
substitution, and changes to orthorhombic and subsequently monoclinic with increasing sodium
content. Commercial clinkers can contain the cubic or orthorhombic forms of C3A or a
combination of both; occurrence of monoclinic C3A has not been reported. As with the silicates,
the diffraction patterns of the CsA polymorphs are very similar, although they can be distinguished
in the regions of 18-22° and 32-36° 20 [30, 32]. Due to severe overlap with silicates in the 32-36°
20 range, reliable polymorph identification requires the examination of SAM extraction residues.

The ferrite phase exists as a solid solution series with a general formula Caz(AlxFe1-x)20s,
where 0<x<0.7 [30]. Stutzman [32] lists brownmillerite (Cax(Al,Fe).0s), srebrodol’skite
(CazFe20s), and CazAl13sFe0.6205 as the most typical ferrite forms present in commercial clinkers.
These compounds can be distinguished from differences in the diffraction peaks in the 12 to 34°

20 range.
1.2.2 Phase Quantification

Quantitative XRD analysis of cements was initially based on comparison of measured
intensities with pre-calculated x-ray reflection constants of pure clinker minerals using one or more
reflections for each phase [36, 45, 47]. However, these simple approaches could not give reliable
and accurate quantitative phase determination of cements. Cement phases suffer from overlapping
peaks for a large number of reflections, and do not have enough distinct peaks for accurate phase
quantification. This shortcoming was overcome by Rietveld [48, 49], who proposed a phase
refinement based on a full-profile fitting procedure. This method was originally developed for
neutron powder diffraction patterns; however, since this approach does not depend on the source
of diffraction data, the Rietveld refinement technique was soon applied to powder x-ray diffraction
[50, 51].



1.2.2.1 Full Pattern Quantification Methods — Rietveld Refinement

In the Rietveld method, a theoretical x-ray diffraction pattern is calculated based on the
crystal structures of phases input by the user. The calculated pattern also includes the background
calculation and various diffractometer parameters. The refinement is based on iterative
comparison of the experimental pattern with the calculated one. The iterative process begins from
presumed amounts of phases, and then all or part of the parameters can be adjusted during the
refinement process to minimize the difference between the calculated intensity I and
experimentally measured intensity I by least-squares fitting. The parameter ; (In; — 1::)?/Imi
is the subject of minimization. This parameter sums the normalized squared discrepancies,
(Lni — 1.)?, over all points i along the angular range 260. Calculated intensity is a function of the
following parameters: Rietveld scale factor Sy, structure factor F, peak profile function @, and
preferred orientation function Px. At the end of this iterative refinement process, the weight

fraction W}, of each phase p is calculated according to:

Sp(ZMV)
W — )4 )4
p YjSj(ZMv);

102 (wt. %) Equation 1-1
where

Sp = the Rietveld scale factor

Z = are the number of formula units per unit cell

M = the mass of the formula unit

V = the unit-cell volume

J = the number of phases in the analysis [52, 53].

As can be seen from Equation 1-1, accurate calculation of the weight fraction of each phase
requires all phases to be identified and included in the analysis. Omitting minor phases from the
analysis can lead to overestimation of the phase abundance of the remaining structures. Therefore,

all the phases must be identified prior to Rietveld quantification.

Peaks of minor phases present in small amounts will have low intensities and may be
challenging to distinguish from the background. Statistical significance of a peak is determined

by calculating the random counting error:



o(N)= {/(R-?t) Equation 1-2

where:
o(N) = the random counting error of x-ray quanta N
R = the counting rate (counts/s)
t = counting time (s).

From here, the 95% confidence interval (2¢) can be computed. Peak intensities of at least
20 above the background are considered statistically significant [54]. The presence of minor
phases may be missed in the analysis, especially if scans are collected with short counting times,
which would increase o(N). The ability to resolve minor phases can be improved by preferentially
dissolving some of the major clinker phases. Selective dissolutions, which are described earlier,

can significantly improve identification of minor phases.

Overestimation of phase contents can also result from the presence of amorphous material.
It has been suggested that amorphous content in OPC in excess of a few percent can be the result
of the grinding process [55]. For blended cements, the supplemental cementitious materials added
typically have high contents of amorphous material, and this content must be accounted for in

order to obtain accurate phase composition values.
1.2.2.1.1. Amorphous/Unidentified Content Correction

Phase composition of cements determined by Rietveld refinement can only be considered
as relative phase composition due to the presence of amorphous material. Various methods have
been proposed to account for the presence of amorphous/unidentified content and account for

amorphous content.
1.2.2.1.2. Internal Standard Method

The internal standard method is perhaps the most popular method of determining the
amorphous/unidentified content of a sample [56, 57]. In this method, a material of high purity and
known crystal structure is selected and mixed with the sample in known proportions. Madsen et
al. [57] recommend using a material with a mass absorption coefficient similar to that of the sample

to minimize microabsorption effects. Ideally, the material selected for use as an internal standard
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should be completely crystalline, but could have a very low amorphous content. De La Torre et
al. [58] determined that corundum is the best internal standard that does not introduce the

additional amorphous content to the test material.

During the initial Rietveld refinement, the amount of internal standard is determined,
together with the phases, according to Equation 1-1. Since the Rietveld method normalizes the
amounts of crystalline phases included in the analysis to 100%, the amount of internal standard
will be either overestimated compared to the amount added to the sample, or correctly determined.
Overestimation indicates the presence of amorphous or unidentified content in the sample, while
a correct amount of internal standard indicates that the sample is completely crystalline, and that
all the phases have been identified and included in the analysis. It is possible to obtain an
underestimated amount of internal standard; however, this indicates an error in the analysis [57].
In the case of overestimation, corrected weight percentages for each phase can be calculated:

Corr (W,) = W, —Cknown_ Equation 1-3

STDmeasured

where
Corr (Wp) = corrected weight percent of phase p
W, = weight percent of phase p determined by Rietveld refinement
STDxnown = Weighed percentage of internal standard in the sample

STDmeasured = Weight percentage of internal standard determined by Rietveld refinement

The amorphous or undetermined crystalline content (W unknown) Of the sample can then be

calculated:
Waunkown = 100 — Z;'l=1 W; Equation 1-4

Several disadvantages of this method have been pointed out in the literature. First, because
the internal standard has to be mixed in with the sample, homogenization, formation of additional
amorphous content, and cement hydration during the mixing process can be of concern [9, 59, 60].
Proper mixing protocols should be followed to avoid homogenization issues and formation of
amorphous content, such as one listed in ASTM C1365 [61]. Care should be taken to ensure that
reagents used as a mixing medium are free from water to prevent hydration.
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Second, Rietveld analysis can be affected when the mass absorption coefficients of the
sample and standard materials differ significantly [57, 62]. Although most software packages
allow the user to correct for microabsorption, incorrect application of microabsorption corrections

have been shown to have a significant effect on phase quantification [63].

Third, small errors in determination of the amount of internal standard by Rietveld
refinement (ST Dmeasured) Can translate into large errors in determination of small amorphous content
[4]. Due to this, it is uncertain whether amorphous contents below 10% can be determined with
any accuracy [4, 9, 64]. In order to minimize the effect of Rietveld error on the amorphous content
determination, Westphal et al. [65] proposed increasing the amount of internal standard up to 50%
for samples with low suspected amorphous contents. They showed that the optimal internal
standard amount (Ws) is a function of the amorphous content (W unknown):

100-Wynknown H
Ws = m 102 (wt. %) Equation 1-5

Equation 1-5 shows that 50% of internal standard is optimal for a sample with 1-10% of
amorphous material. However, the downside of such high internal standard addition is dilution of
the sample, which would significantly complicate identification of minor phases, thus potentially
increasing the unidentified content of the sample. This can be overcome by performing an analysis
on the actual sample to refine all the crystalline phases and then applying the determined

parameters to the mixture of the sample with an internal standard [11, 58].
1.2.2.1.3. External Standard Method

Another commonly used method for correcting for amorphous/unidentified content is the
use of an external standard. Again, a standard material is selected, although for the external
standard method it can be a pure phase or a mixture with a known content of selected material
[57]. An external standard is measured separately from the sample and is used to determine the
experimental calibration factor (G) [9, 11, 57, 66]

SspsVE us
G — S HS
Ws

Equation 1-6



where Ss, ps, Vs, ug, and Ws are respectively the Rietveld scale factor, density, unit cell volume,
mass absorption coefficient, and crystalline weight fraction of the standard material in the external
standard. Madsen et al. [57] state that this calibration factor “is dependent only on the instrumental
and data collection conditions and is independent of individual phase and overall sample-related
parameters.” The calibration factor G is then used to determine the weight fractions of crystalline

phases from Rietveld analysis of the sample

SpPpViE U .
W, = m (wt. %) Equation 1-7

where U*sample 1S the mass absorption coefficient of the sample, which must be determined
independently of the Rietveld analysis [9, 11]. Typically, W*sampie is calculated using the tabulated
elemental mass absorption coefficients for oxides present in the sample as determined by x-ray
fluorescence spectroscopy [9], although Compton scattering has also been suggested [67]. Loss
on ignition content is treated as water, unless the presence of limestone is known, in which case it
is attributed to CO> [56]. As in the case of internal standard, the amorphous/unidentified content

is calculated by subtracting the sum of identified crystalline phases from 100% (Equation 1-4).

It can be seen from Equation 1-6 and Equation 1-7 that errors in determining the mass
absorption coefficients of the external standard, the sample, or both can lead to errors in calculated
phase amounts and in the amorphous/undermined content. Madsen et al. [57] reported that the
accuracy of the external standard method in determining the amorphous content is significantly
lower than that of the internal standard method. They found that a value of approximately 2% was
obtained for the amorphous content by the external method when applied to a completely
crystalline sample, while the internal standard yielded a value of 0.5%.

1.2.2.1.4. PONKCS Method

While internal and external methods provide an indirect measurement of
amorphous/unidentified content, Scarlet and Madsen developed a direct method for quantification
of phases with partial or no known crystal structure (PONKCS) [68]. As the name suggests, this
method can be applied to quantify phases with partially-known structures, structures that deviate

from published data, and phases with no known structures. The advantage of this method over the



indirect methods is that it potentially enables the user to separate the contribution of different
phases to the amorphous/unidentified content. The following conditions must be met for the
PONKCS method application: the unknown phase can be defined “as a related series of peaks”
and the phase must be available in the pure form or as a major part of the sample. Peak intensities
of the unknown phase are characterized by the empirical structure factors calculated via the Le
Bail et al. curve fitting method [69], and a calibration mixture of the unknown phase with internal
standard is prepared to determine the ZMV value for the unknown phase. In this method,

(ZMV)unknown 1s treated as a “phase constant” and is calculated from the calibration by

_ Wounknown Ss
(ZMV)unknown = " 'S
s unknown

- (ZMV), Equation 1-8

where
W unknown = known weight fraction of the unknown phase,
W;s = known weight fraction of the internal standard,
Ss = refined Rietveld scale factor for the internal standard, and

S unknown = refined Rietveld scale factor for the unknown phase.

After determining the phase constant for the unknown phase, a simulated crystal structure
is created that can be used in the Rietveld analysis for quantification. Creation of the PONKCS
phases database, in addition to the crystal structure databases, is highly important for direct phase
quantification of all components of the sample [70]. This method is more applicable to blended
cements than OPCs, since the amorphous content in OPCs cannot be described by a series of peaks,
and the crystal structures are known for the minor phases. It can, however, be used in blended

cements to quantify the contribution of SCMs to amorphous content [27].
1.2.2.1.5. Degree of Crystallinity

Degree of Crystallinity (DOC) is a standardless approach of determining the amorphous
content, which was originally developed for samples with the same chemical composition
containing both amorphous and crystalline fractions, although a correction has been proposed to
account for differences in chemical composition [71]. This method separates the contribution of

crystalline and amorphous material to peak intensities:
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ICOW(S) = ICC;‘)W + Icclronrorrphous (S) Equation 1-9

where
1°°""(s) = total intensity corrected for absorption and polarization
ISP = contribution of crystalline material to corrected intensities

amorphous = contribution of amorphous material to corrected intensities.

Crystalline and amorphous intensities are then integrated to obtain areas and the DOC is
calculated as a ratio of crystalline to total area [57, 71]. A downside of this method is that all the
crystalline phases are treated as one phase and so are the amorphous phases. A completely
amorphous sample is highly desirable in order to separate amorphous scattering from Compton
scattering, disorder and thermal scattering of the crystalline phase, and possible fluorescence of
the crystalline phase. Since the chemical composition of cement phases is highly variable, this

method has not found wide application in the analysis of cements and SCMs.
1.2.2.2 Single-Peak Quantification Methods

Although the traditional single-peak quantification methods have mostly been replaced by
Rietveld refinement, they can be used to verify the accuracy of Rietveld quantification for one or
several major clinker phases. As in the case of the internal standard method, overestimation of the
weight fraction by Rietveld refinement can serve as an indication that amorphous/unidentified
content is present in the sample.

1.2.2.2.1. Internal Standard Calibration Curve

The main disadvantage of the single-peak methods, as mentioned earlier, is an overlap of
the main peaks of the clinker phases. ldentification is especially difficult for low-intensity peaks,
which can be hard to distinguish from the background noise and, therefore, the intensities are
subject to counting errors [72]. However, counting time can be adjusted to minimize the random

counting error according to Equation 1-2.

As in the Rietveld internal standard method, an internal standard material is selected and a
known amount of internal standard is mixed with the sample. The analysis is based on the principle

that the peak intensity of a phase, determined either as peak height or peak area, is directly
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proportional to the amount of this phase in the sample, as described by the following equation [53,
73]:

Y _gJ Equation 1-10

where
lij = intensity of peak i of phase j
Iks = intensity of peak k of the internal standard
Xj and xs = weight fraction of the phase j and the internal standard respectively

K = constant.

Prior to sample analysis, a calibration curve is prepared by mixing known amounts of the
phase of interest with the internal standard, where Xxs, lij, and Ixs are plotted against x;. At least three
mixtures should be prepared with the expected minimum and maximum amounts of the phase of
interest as well as a point halfway between the other points. If the mass absorption coefficients of
the phase mixture and the internal standard are similar, the calibration curve will be linear. In the
case of large differences in the mass absorption coefficients, the calibration curve will be nonlinear.

In all cases, the calibration curve should pass through the (0,0) and (1,1) points [73].
1.2.2.2.2. Analysis by Dilution

Instead of preparing a calibration curve, a phase of interest can be quantified by adding a
known amount of this phase in a pure form to the sample. This method is particularly suitable for
quantification of phases present in small amounts. However, the challenge still exists with respect

to successfully obtaining appropriate material for the phase of interest.

1.3  Other Quantification Techniques — Scanning Electron Microscopy and Optical
Microscopy

Microscopy has been used in the quantification of clinker and cements. The literature
indicates disagreement in the quantification of the aluminates and aluminoferrites in cements and
clinker, using optical or scanning electron microscopy versus Rietveld-XRD gquantitative analysis
[74, 75]. This can be due to the difficulty in resolving the fine matrix using microscopy in addition
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to resolving amorphous content [67]. Though microscopy gives information about the texture, size,
and distribution of clinker and cement phases, it has limitations on the particle size that can be

detected, in addition to the spatial resolution of energy dispersive spectroscopy.
1.4  Conclusions

Powder XRD, together with Rietveld (XRD-Rietveld) refinement analysis, has several
important advantages compared to the other quantitative techniques of phase determination of
cements in terms of repeatability and between-laboratory reproducibility [6, 7, 75], reliability and
accuracy [1, 5, 8], rapidness, and accessibility.
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Chapter 2.  General Methodologies for Sample Preparation and Refinement
2.1 Introduction

Quantitative x-ray diffraction analysis of clinkers, cements, SCMs and other materials
consists of several steps: preparation of a powdered sample from the material of interest, data
collection, and Rietveld refinement analysis. These steps have some specific demands and features.
The powder sample preparation requires the grinding of the as-received materials to a fineness of
about 1 - 10 «m to minimize the Brindley micro absorption effect [1]. The back-loading technique
[2] of powders into the sample holder minimizes preferred orientation effects for some specific
phases. Sample spinning, in a direction normal to the sample surface, during data collection,
enhances particle statistics for better reproducibility of the measured intensity [3]-[6]. Several
approaches for Rietveld analysis have been proposed in the literature [5]-[8]. These approaches
have some common and specific features in the order and number of parameters that should be
refined; namely, scale factors, lattice parameters, zero shift or specimen displacement, polynomial
or Chebyshev polynomial coefficients for background fitting, preferred orientation for some
specific phases, and peak shape parameters. This chapter describes the methodologies common
for most powder x-ray diffraction studies, while the specific methodologies are given in

subsequent chapters.
2.2 Methodology of Sample Preparation
2.2.1 Powder Sample Preparation

The as-received materials used in this study were: clinkers, portland cements (PC), Class
F fly ash, ground granulated blast furnace slag, limestones, and blended cements (PC-Class F fly
ash, PC-slag, and PC- limestone). Initially, the as-received materials were ground using a mortar
and pestle to obtain a powder finer than 45 microns (passing #325 sieve). All materials were
ground for about 10 minutes to a particle size less than 10 um in a McCrone Micronizing Mill with
the addition of approximately 2 ml of nonaqueous solvent (200 proof ethanol) for each gram of

powdered sample.
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2.2.2 Mixtures of Materials

To ensure proper mixture homogeneity, the ASTM C1365-06 protocol [9], was adopted
here. Powdered specimens containing more than one material and/or mixtures containing the
internal standard, corundum SRM 676a, were mixed for approximately 10 minutes using a
Micronizing Mill with the addition of approximately 5 ml of a nonaqueous solvent (200 proof

ethanol) for each gram of powder.
2.2.3 Selective Extraction of Clinkers and Portland Cements

Selective dissolution is typically adopted in the mineralogical analyses of the crystalline
phases of clinkers and portland cements. It has been indicated that peak profile parameters and
lattice constants are better acquired through the use of selective dissolution of the aluminate and
silicate phases, as well as phases that are present in minor amounts, such as alkali sulfates [10].
The main extraction procedures typically used in phase analyses of cements and clinkers are

presented in the following sections.
2.2.3.1 Potassium Hydroxide/Sugar (KOSH) Extraction

The KOSH extraction dissolves the aluminate and ferrite phases and leaves a residue of
silicate phases (alite, belite) and some minor phases. The KOSH extraction procedure adopted

from reference [10] is:

M Prepare a KOSH solution of 30 g of potassium hydroxide and 30 g of sucrose in
300 ml of deionized water as follows: place 30 g of potassium hydroxide (Fisher
Scientific, CAS#1310-58-3) and 30 g of sucrose (Fisher Scientific, CAS#57-50-1)
into a flask and fill it with 300 ml of deionized water, then mix the solution (in a
fume hood) using a stirring rod until completely dissolved and there are no solids
in solution;

(i) Heat the solution up to 95°C using a hot plate with a magnetic stirring bar, mixing

the solution as it heats;
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(ili))  Add about 9 grams of the as-received cement into the solution, then use a stopper
to close the flask and mix the solution for 1 minute;

(iv)  Vacuum filter the solution, for about 0.5 — 3 hours at ~ 340 mm Hg, using a 0.45
um filter (Durapore membrane filter, Merck Millipore LTD) and Buchner funnel;

(v) Wash the residue with 50 ml of water followed by 100 ml of methanol (reagent
grade 99.8 pure, Alfa Aesar, CAS#67-56-1). Then dry the residue at 60°C for about

24 hours, and store in a vacuum desiccator.

The KOSH extraction retains the following phases: alite, belite, periclase, brucite,
magnesite, merwinite, akermanite, monticellite, portlandite, calcite, dolomite, lime, quartz,
wollastonite, rankinite, ternesite, ellesteadite, and fluorellestadite. The chemical formulas, PDF
and ICSD codes of the KOSH clinker and cement residue phases are shown in Table 2-1 [5], [6],
[10].
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Table 2-1: KOSH Residue Structures

Phase Formula Crystal System PDF codes ICSD Code
Alite CasSiOs-Mg, Al Monoclinic/M3 | 01-070-8632 | 94742
CasSiOs Monoclinic/M3 01-085-1846 | 64759
CasSiOs Monoclinic 01-086-0402 | 81100
CasSiOs Triclinic/T1 01-070-1846 | 4331
Belite CazSiO4 Monoclinic/g 01-086-0398 | 81096
CazSiO4 Monoclinic/p 01-083-0460 | 79550
CazSiO4 Orthorhombic/a. | 01-086-0399 | 81097
CaxSiO4 Orthorhombic/y | 01-086-0397 | 81095
Periclase MgO Cubic 01-071-1176 | 9863
MgO Cubic 00-045-0946 | 104844
Brucite Mg(OH): Rhombohedral 00-007-0239 | 28275
Magnesite CMgO3 Rhombohedral 00-008-0479 | 63663
Merwinite CasMg(SiOa4)2 Monoclinic 01-089-2432 | 43078
Akermanite CaMg(Si207) Tetragonal 00-035-0592 | 158177
Monticellite CaMg(SiOa) Orthorhombic 00-035-0590 | 34591
Portlandite Ca(OH)2 Rhombohedral | 01-072-0156 | 15471
Ca(OH): Rhombohedral 00-004-0733 | 43433
Calcite CaCoO3 Rhombohedral | 01-086-0174 | 80869
CaCO3 Rhombohedral 01-083-0577 | 79673
Dolomite CaMg(CO:s3)2 Rhombohedral | 01-075-1711 | 31277
CaMg(CO3): Trigonal 01-075-1761 | 31335
Lime CaO Cubic 01-071-4121 | 52783
CaO Cubic 00-043-1001 | 75785
CaO Cubic 00-037-1497 | 75785
Quartz SiO2 Rhombohedral | 00-046-1045 | 41414
SiO; Rhombohedral 01-083-2465 | 200721
Wollastonite CaSiOs Monoclinic 00-043-1460 | 30884
Rankinite CasSi207 Monoclinic 01-070-1138 | 2282
Ternesite Cas(Si04)2(S04) Orthorhombic 01-088-0812 | 85123
Ellesteadite Ca10(Si04)3(SO4)sCl2 | Hexagonal 00-041-0479 | 154205
Fluorellestadite | Ca10(Si04)3(SO4)3F> | Hexagonal 01-072-7301 | 97203

The structures used in the Rietveld refinement analysis are indicated in Table 2-1 by bold letters.
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2.2.3.2 Salicylic Acid/Methanol (SAM) Extraction

The SAM extraction dissolves the silicate phases and free lime, leaving a residue of

aluminates, ferrites, and some minor phases. The SAM extraction procedure, as adopted from

reference [10], is:

(i)

(ii)

(iii)
(iv)

(v)

Prepare a SAM solution of 20 g of salicylic acid (reagent grade 99% pure, Sigma-
Aldrich, CAS#69-72-7) in 300 ml of methanol (reagent grade 99.8+ pure, Alfa
Aesar, CAS#67-56-1) as follows: place 20 g of the salicylic acid and 300 ml of
methanol into a flask, then mix solution (in fume hood) using a standing mixer,
operated at medium speed, until the solution is clear and there is no solid;

Add about 5 grams of the as-received cement into the solution, then stopper the
flask and mix the solution for two hours using a standing mixer at medium speed,;
Allow the solution to settle for about 15 minutes;

Vacuum filter (for about 0.5 — 3 hours) the solution (~ 340 mm Hg) using a 0.45
um filter (Durapore membrane filter, Merck Millipore LTD) and Buchner funnel;
Wash the residue using enough methanol to cover the residue and mix until the
residue is suspended. Move the residue onto a glass plate, dry at 90°C for about 24

hours, and store in a vacuum desiccator.

The SAM residue can include the following phases: aluminate, ferrite, periclase,

srebrodolskite, calcite, dolomite, diopside, arcanite, potassium sulfate (alpha), aphthitalite, Ca-

langbenite, syngenite, metathenardite, thenardite, mirabilite, potassium calcium sulfate, brucite,

magnesite, gypsum, hemihydrate, soluble anhydrite, anhydrite, anhydrite-111, and anhydrite-11. The

chemical formulas, PDF numbers, and ICSD codes of the SAM clinker and cement residue phases
are shown in Table 2-2 [5], [6], [10].
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Table 2-2: SAM Residue Structures

Phase Formula Crystal System PDF codes ICSD Code
Aluminate CasAl206 Cubic 01-070-0839 | 1841
CagsNaAleO1s Orthorhombic 01-083-1359 | 100220
CagsNaAleO1s Orthorhombic 00-032-0150 | 1880
Cag2sNaisAlsO1s | Monoclinic 01-083-1360 | 100221
Ferrite CazAlFeOs Orthorhombic | 01-071-0667 9197
Srebrodolskite CazFez0s Orthorhombic 00-038-0408 14296
Calcite CaCO3 Rhombohedral | 01-086-0174 | 80869
CaCO3 Rhombohedral 01-083-0577 | 79673
Dolomite CaMg(CO0O:s)2 Rhombohedral | 01-075-1711 31277
Diopside CaMgSi20s Monoclinic 01-071-1067 | 9672
Arcanite K2SO4 Orthorhombic | 01-083-0681 79777
K2S0O4 Orthorhombic 01-070-1488 2827
Potassium Sulfate (o) | K2SO4 Hexagonal 00-025-0681 | 2408
Aphthitalite K3Na(S0a)2 Rhombohedral | 01-074-0398 | 26018
Ca-Langbenite CazK2(S0q4)s3 Orthorhombic 01-074-0404 | 40989
Syngenite K2Ca(S04)2H20 | Monoclinic 00-028-0739 157072
Metathenardite Na2SO0q4 Hexagonal 01-078-1883 63077
Thenardite Na2SO4 Orthorhombic 00-037-1465 81506
Mirabilite H20Na2014S Monoclinic 00-011-0647 | 15867
Potassium Calcium | Ca2K2012S3 Orthorhombic | 00-020-0867 | 40989
Sulfate
Periclase MgO Cubic 01-071-1176 | 9863
MgO Cubic 00-045-0946 | 104844
Brucite Mg(OH): Rhombohedral 00-007-0239 | 28275
Magnesite CMgOs3 Rhombohedral 00-008-0479 | 63663
Quartz SiO2 Rhombohedral | 00-046-1045 41414
SiO2 Rhombohedral 01-083-2465 | 200721
Gypsum CaS04(H20): Monoclinic 00-033-0311 | 151692
Hemihydrate CaS04(H20)05 Monoclinic 01-083-0438 | 79528
CaS04(H20)05 Monoclinic 00-041-0224 | 380286
Anhydrite CaSO0q Orthorhombic | 01-086-2270 | 40043
Anhydrite-111 CaSO0q Hexagonal 01-073-1942 | 24473
Anhydrite-II CaSO04 Orthorhombic 01-072-0916 | 16382
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The structures used in the Rietveld refinement analysis are indicated in Table 2-2 by bold letters.

2.3  XRD Data Collection and Analysis.

XRD scans for all materials studied here were collected in accordance with ASTM C1365-

06 specifications. The following identifies the diffractometer settings used in data collection:

2.3.1 Instrument Settings

- Diffractometer:
Goniometer:
Source:
Generator:

- Sample:
Surface diameter:
Spinning rate (rpm)
Preparation:

- Incident optics:
Programmable divergence slit:
Soller slit:

Mask (horizontal divergence slit):

- Receiving optics:
Programmable anti-scatter slit:
Soller slit:

Detector:

- Scan info:

- Angular range (26):
Step (26):
Length of linear detector (26):
Counting time per step (s):

Phillips X’Pert PW3040 Pro
6-26 ,radius 240 mm
CuKa radiation, line focus
45 kV, 40 mA

16 mm
30
Back-loading

5 mm (automatic)
0.04 radians
10 mm

5 mm (automatic)
0.02 radians
X’Celerator Scientific

7-70°
0.0167°
2.122°
130.2

Automatic slits were used in the incident and receiving optics to reduce scattering from the

metal holder that can occur when using fixed slit settings at the low angular 26 range of about 5 -

20° [11]. The peak fit procedure, the crystalline phases search and match procedure, and the



Rietveld refinement analysis of the collected x-ray scans were all performed using versions 3.0

and 4.5 of HighScore Plus software.

2.3.2 Crystalline Phases Search and Match Procedure/Strategy

The search and match procedure was used on the collected scans to identify potential

phases present in the as-received materials, [5], [9]. The crystalline phase candidates can then be

examined by the Rietveld refinement analysis for subsequent phase quantification. The HighScore

Plus software peak search and match procedure is as follows:

(i)
(i)

(iii)

(iv)

v)

(vi)

open the experimental XRD file;

convert the automatic divergent slit scan (ADS) to the fixed divergent slit scan
(FDS) using the Treatment option, then Corrections, then Convert Divergence Slit,
then Convert ADS to FDS, and finally Replace the scan;

determine the background by using the Treatment option, then Determine
Background (using values of 20 for the Granularity and 0 for the Bending factor),
and finally Accept the background;

perform peak search by using the Treatment option, then Search Peaks (with 2.00
Minimum significance, 0.05 Minimum tip width [2Th.], 0.50 Maximum tip width
[2Th.], 2.00 Peak base width [2Th.], and Minimum 2" derivative in Method), and
finally Accept the search peaks;

load the phase subset to the candidate list by using Pattern List pane, then right-
click the Candidates sub-pane Load Subset to Candidate List. For this step, a
subset file or files (with the extension “SUB”) with PDF codes should be created
first. A subset file can be created by opening a new file in HighScore selecting New
from the File menu. Then, click on Reference Pattern menu, Retrieve Pattern and
Reference Code. A window (Retrieve Pattern by Reference Code) will appear.
Enter the PDF number for the desired phases and press the Save as Subset button;
begin the match procedure by choice of the minor phases and end by the choice of
the major phases: by double-clicking the candidate phase, open the Reference
Pattern file, then check 26 positions of 3 to 5 of the most intense peaks, and if these

positions correspond to the peaks on the experimental scan, drag this phase from
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the Candidate sub-pane to the Accepted Pattern sub-pane. Repeat this procedure
to match all peaks;

(vii) if at the end of step (vi) some of peaks are still unidentified, make a wider search
and match of peaks by selecting Analysis option, then Search & Match, then
Execute Search & Match, then select restriction set Cement or/and Minerals in
Restrictions, and finally click Search and OK;

(viii)  repeat step (vi) of the procedure to identify all peaks.
2.3.3 Rietveld Refinement Procedures/Strategies

Rietveld refinement is based on the iterative comparison (described in Chapter 1) of the
experimentally collected diffraction pattern with the calculated pattern for a mixture of known
phases. According to the literature [6, 12-17], the calculated intensity I.(S,, Fx, Pk, Px) depends
on the Rietveld scale factors S, which is proportional to the number of unit cells contributing to
the scattering intensity normalized by the volume of the unit cell, the structure factor Fy, the peak
profile function @, and preferred orientation function Pg. Here, the subscript K is the plane

indices of the x-ray reflection [6].

The accuracy of the fitting procedure for overlapping and/or single peaks depends on the
shape of the profile function @ used in the refinement. The diffraction profiles are well described

by the pseudo-Voigt function [6],
& = (1 —n)G(Hg) +nL(Hg) Equation 2-1

which is the linear combination of the Gaussian G(Hg) and the Lorentzian L(Hg) with the
adjustable pseudo-Voigt mixing parameter n and the peak width Hy. The pseudo-Voigt function

mixing parameter 7 is expressed as:

n=n1+n(20) + 1n3(26)* Equation 2-2

where 71, 772, and »3 [11] are free variables. It has been indicated that using n = n,= 0.6 results in
good refinement for the crystalline phases in clinkers, cements, and SCMs [6, 18]. However, some
specific cases, described in Chapter 8, require the refinement of #1, 72, and #3. To have a chance

to fit the wide variety of peak shapes, including the asymmetric shapes, Caglioti et al. [19]
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proposed a quadratic dependence of the peak width Hy with adjustable parameters U, V, and W.

In the simplified form, proposed by Rietveld [12], the peak width is given by:

HZ = Utan?6 + Vtang + W Equation 2-3

The parameter W describes the symmetrical profile shape, while the U and V parameters introduce

the peak asymmetry.

Typical refinement parameters include the following:

(i)

(i)
(iii)
(iv)
(v)

(vi)

appropriate polynomial [5, 7, 17, 20, 21] or Chebyshev polynomial [7, 8, 22-26]
with different numbers of refined coefficients. A fourth-order polynomial or
Chebyshev polynomial is adequate for background fitting in samples with relatively
low amorphous content, less than about 10 wt.%. However, if the amorphous
content is high, the number of coefficients may have to be increased, and in some
instances up to 23;

the weight fraction scale factors for all phases;

pattern shift: zero shift [5, 7, 21, 25-28];

the lattice parameters for all phases;

preferred orientation: alite-M3 (-101), gypsum (010), hemihydrate (001),
portlandite (001), calcite (104), basanite (001), anhydrite (001), dolomite (001), and
ettringite (001) [5, 7, 8, 20, 25]. Indices for preferred orientation indicated in the
parentheses should be set up at the beginning of the Rietveld refinement in the
Preferred Orientation sub-pane of the Selected object: Phase section in the Object
Inspector pane;

peak shape parameters for crystalline phases: the Caglioti parameters W, V and U

[19] for major phases and W parameter for minor phases [6, 8].

2.3.3.1 Materials of Low Amorphous Content

For materials with relatively low amorphous content, such as clinkers, portland cements,

limestones, gypsums, and standard reference materials, the Rietveld refinement procedure can

begin in the Manual Mode with the background fitting fourth-order polynomial, followed by:
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(i)
(i)
(iii)
(iv)
(v)

flat background,;

scale factors of all phases;

zero shift;

1 — 4 polynomial coefficients;

lattice parameters of all phases. (Note: During lattice parameter refinement, minor
phases that have weak peaks that overlap with strong peaks of major phases should
initially be excluded from the refinement. Later, the lattice parameter refinement of
the minor phases could be individually done while visually inspecting the peak

shape during refinement);

2.3.3.2 Materials with High Amorphous Content

For materials with relatively high amorphous content, such as supplementary cementitious

materials and blended cements, background fitting is conducted using Chebyshev polynomials, the

orders of which are established individually for each material studied. The main steps used in the

refinement mode are as follows:

(i)

(i)

(iii)
(iv)

(Vi)

select the Chebyshev | polynomial for background: go to Refinement Control pane
click on Global Variables and select Chebyshev | option in the Method of
Background of the Object Inspector. Click the option Use Extended Background
Terms if the order of Chebyshev polynomial exceeds 5;

refine the flat background in Chebyshev | Background Polynomial of the Global
Variables;

refine scale factors of all phases;

refine zero shift;

refine Chebyshev | polynomial coefficients;

refine lattice parameters of phases. (Note: During lattice parameters refinement,
minor phases that have weak peaks that overlap with strong peaks of major phases
should initially be excluded from refinement initially. Later, the lattice parameters
refinement of the minor phases could be individually done while visually inspecting
the peak shape during refinement).
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2.3.3.2.1. Refinement Procedure (I): Single Phase Materials

(i)

(i)
(iii)
(iv)
v)

begin the refinement according to section 2.3.3.1 or section 2.3.3.2 depending on
the expected amorphous content;

refine Caglioti parameter W of the phase;

add Caglioti V and make refinement;

add Caglioti U and make refinement;

add preferred orientation parameter, if necessary, and make refinement.

2.3.3.2.2. Refinement Procedure (I1): Materials with Two Major Phases (with Strong Peak

()
(i)
(iii)
(iv)
(v)

Overlap)

begin the refinement according to section 2.3.3.1 or section 2.3.3.2;
simultaneously refine parameter W of these phases;
add parameter V and make refinement;

add parameter U and make refinement;

add preferred orientation parameters, if necessary, and make refinement.

Refinement Procedure (1) can also be utilized for two major phases without overlapping

or with minor peak overlapping. However, in these cases phases can be refined separately.

2.3.3.2.3. Refinement Procedure (111): Material with Two Phases (without Strong Overlap)

(i)
(i)

(iii)

begin the refinement according to section 2.3.3.1 or section 2.3.3.2;

if both phases have a content above 20% (major phase), apply procedure (11) for
these phases;

if the weight percentage of the second phase is between 5-20 wt.% (minor phase),
apply Refinement Procedure (1) for the major phase. Turn off the refined W, V, U,
and preferred orientation parameters, then apply procedure (1) for the minor phase.
This step should be accompanied by visual observation of the strong peak(s) of this
minor phase. If during w refinement, the value of this parameter increases
dramatically (more than about 10 times) and the width of the calculated peak
becomes more than the collected profile, the last step of refinement should be

cancelled by Undo Profile/Rietveld Refinement in the Edit mode. After that, the
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successive fit of the experimental profile could be done by setting the range of
change of this parameter (click on parameter w in Refinement Control mode and
then set the value (in %) in Set Value Range in Object Inspector);

(iv)  if the content of the second phase is less than about 5 wt.%, only refine parameter
W,

(V) if the content of the minor phase is about 1 wt.% or less, the peak refinement of this
phase could be omitted. However, if the strong peak(s) of this phase is clearly

observed, parameter w can be refined with visual observation.
2.3.3.2.4. Refinement Procedure (1V): Material with Three or More Phases

(1) begin the refinement according to section 2.3.3.1 or section 2.3.3.2;

(i) perform Refinement Procedure (I1) for major phases with strong peak overlapping,
if any;

(iii)  turn off parameters W, V, U, and preferred orientation for the major phases in order
to minimize the number of refinement parameters;

(iv)  perform Refinement Procedure (111) for the next major phase if there is no peak
overlap;

(V) turn off parameters W, V, U, and preferred orientation for the major phase, to
minimize the number of the refined parameters;

(vi)  repeat steps (iv) and (v) for each following phase.
2.3.3.2.5. Refinement Procedure (V): Mixture Analysis with Internal-Standard Material

(1) begin the refinement according to section 2.3.3.1 or section 2.3.3.2;
(i) perform procedure (1V) for the mixture;

(iii)  perform procedure (I) for internal standard material.

2.3.3.2.6. Refinement Procedure (VI1): Material (PC-SCM Mixtures and PC-SCM-Internal
Standard Mixture) following KOSH and SAM Extraction and SCM Preliminary Refinement

Refinement of the KOSH and SAM residue as well as the SCMs should be done using

Refinement Procedures (1V) or (V); the end result of those procedures should be a fitted structure
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with refined lattice constants and parameters W, V and U for peak profiles. The fitted structures

are saved in the “.CRY” ICSD format and then used as the starting structures for refinement

(cement-SCM mixtures and/or their mixtures with an internal standard) as follows:

24

[1]

[2]

3]

[4]

[5]

(1) insert fitted “.CRY” structures (and the internal standard structure for mixture with
the internal-standard material);

(i) begin the refinement for alite and belite, then aluminate and ferrite using Procedure
Il

(iti)  perform Refinement Procedure (IV) for cement-SCM mixtures and Refinement
Procedure (V) for their mixtures with internal-standard material,

(iv)  turn off parameters W, V, U, and preferred orientation for all structures;

(V) turn on the refinement for one of the minor phases in the Refinement Control pane;

(vi)  perform Refinement Procedure (111) for the remaining phases;

(vii)  perform Refinement Procedure (1) for the internal standard.
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Chapter 3. Evaluation of X-Ray Diffraction Refinement Approach for Phase

Quantification
3.1 Introduction

Based on the literature review, selected x-ray diffraction quantification methodologies
were assessed on cements with known composition and known mixtures of pure phases. Each
methodology was evaluated as to its accuracy and precision, and analysis procedures were

established for the quantification of crystalline cement phases.

Additionally, it is of interest to assess the lower limit for detecting the amorphous content
in mixtures and to identify the best methodology for amorphous content quantification. This is of
special significance as one of the objectives of this study was to assess the amount of SCMs in
blended cements. Towards satisfying this objective, several standard materials were acquired from
the National Institute of Standards and Testing (NIST). Corundum (SRM 670a) has a certified
crystalline content of more than 99%, (Appendix A). It was used as an internal and external
standard throughout the current study. TiO2 and Cr,O3 (SRM 674b) were also used to verify the
procedures for mixtures containing amorphous content from 4% up to 10%. Titania has a certified
amorphous content of about 10% while chromium oxide has about 4% according to the NIST
certification, Appendix B. Several standard clinkers were then used for the quantification of the
crystalline phases using Rietveld analysis and the results were compared to the NIST certification.
The software used in the current study was Panalytical HighScore Plus VV4.5. Sample preparation,
selective dissolution, x-ray measurements, and Rietveld refinement analysis of the materials
followed the general procedures outlined previously in Chapter 2 with specifics of refinement

presented here.
3.2 Rietveld Refinement Procedures
3.2.1 Standard Single-Phase Materials and their Combinations

The single-phase standard materials examined here were SRM 676a, and SRM 674b. The
refinement procedure is carried out in the Manual mode from the Refinement Control pane and

consists of the following successive refinement steps.
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(i)

(iii)
(iv)
v)

(Vi)

(vii)

(viii)
(ix)
()
(xi)
(xii)

Insert the crystal structures from a database for the phases identified during the
Search and Match procedure conducted according to the steps described in section
2.3.2.

Refine flat background in the Background Polynomial submenu under the Global
Variables menu.

Refine scale factors of all phases.

Refine Zero Shift (20) under Global Variables.

Click on the Background Polynomial submenu under Global Variables to open
the Object Inspector pane and select Polynomial under Method. Refine
coefficients 1 — 4 under the Background Polynomial.

Refine lattice parameters. Minor phases should be excluded from refinement in
this step. The lattice parameters for these phases can be refined individually.

For a mixture of phases, where both phases are present in large proportions,
refinement can be performed simultaneously for both phases.

Refine the Caglioti W parameter.

Refine the Caglioti V parameter.

Refine the Caglioti U parameter.

Refine preferred orientation if necessary.

Uncheck the Caglioti W, V, U parameters and preferred orientation for the refined
phase and repeat steps (vii) - (x). For minor phases, such as anatase present in a

small quantity in TiO., only refine the W parameter.

3.2.2 Portland Cement Clinkers with Corundum

The major difference in the refinement of the single phases described above and refinement

of clinkers is the strong peak overlap between alite and belite phases, and aluminate and ferrite.

The refinement steps for the clinkers are as follows:

(i)
(i)
(iii)

Perform KOSH and SAM extractions as described in section 2.2.3.
Open the collected XRD scan for each extraction residue.
Insert crystal structure identified during the Search and Match procedure described

in section 2.3.2.
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(iv)

(vi)
(vii)
(viii)
(iX)
()
(xi)
(xii)
(xiii)

(xiv)

(xv)

(xvi)

For the refinement of extraction residues, select the Polynomial profile function in
the Background of the Object Inspector pane.
Refine flat background.
Refine scale factors of all phases.
Refine zero shift.
Click on the Background Polynomial submenu and select Polynomial under
Method. Refine coefficients 1 — 4 under the Background Polynomial.
Refine lattice parameters for all phases. For the minor phases (below 5%)
refinement of lattice parameters at this point should be omitted.
Simultaneously refine the W parameters for alite and belite for the KOSH extraction
residue, or aluminate and ferrite for the SAM residue.
Simultaneously refine the V parameters for alite and belite or aluminate and ferrite.
Simultaneously refine the U parameters for alite and belite or aluminate and ferrite.
Refine preferred orientation for alite (KOSH extraction). Care should be taken to
enter the correct hkl value for the direction of the preferred orientation in the Object
Inspector pane.
Uncheck W, V, U, and preferred orientation parameters for the refined phases to
exclude them from further refinement.
Consider the next most dominant phase. If refinement of lattice parameters for this
phase was omitted in step (ix), refine all the lattice parameters with visual
observation. If peak shift beyond the collected pattern is observed, the lattice
parameters for this phase should be excluded from refinement.
If the phase considered in step (xv) is present in amounts above 5 wt.%, refine W,
V, U parameters one at a time. For phases present in weight fractions of
approximately 5-20%, this step should be accompanied by visual observation. If
during refinement of one of the parameters the value of this parameter increases
dramatically and the shape of the calculated profile broadens beyond the collected
profile, undo this refinement step and limit the Set Value Range (%) for the W
parameter in the Object Inspector pane. This may be repeated several times until
good agreement between the simulated and the collected pattern is observed. This
should be done during V and U refinement as well.
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(xvii)
(xviii)

(xix)

(xx)

(xxi)

(xxii)

(xxiii)
(xxiv)
(xxv)

(xxvi)

(xxvii)

Refine preferred orientation if necessary.

Uncheck W, V, U and preferred orientation parameters for the refined phase.

If the phase considered in step (xv) is present in amounts of approximately 1-5%,
only refine the W parameter. However, if a strong, non-overlapped peak of this
minor phase can be clearly observed in the collected pattern, V and U parameters
can be refined as well with visual observation. For phases present in amounts below
1%, refinement of W, V, U and preferred orientation parameters can be omitted.
Repeat steps (xv) — (xix) until all the phases have been considered.

Uncheck all refined parameters for all phases and save the refined structures as a
cry file.

Open the collected XRD scan for the clinker and insert the .cry structures created
during the KOSH and SAM residue refinements.

Select the Polynomial profile function in the background Object Inspector pane.
Repeat steps (v) — (ix).

Repeat steps (x) — (xii) for alite and belite.

Repeat steps (x) — (xii) for aluminate and ferrite.

Refine the W parameter for the next most abundant phase.

(xxviii) Refine the V parameter.

(xxix)

(xxx)

(xxxi)

(xxxii)

Refine the U parameter.
Uncheck the W, V, U parameters for the refined phase and repeat steps (xxvii) -
(xxix) for the remaining phases.
If the weight percentage of one of the phases is between 5-20 wt.%, visually
observe the strong peak(s) of this phase. If during refinement of one of the
parameters the value of this parameter increases dramatically and the shape of the
calculated profile broadens beyond the collected profile, undo this refinement step
and limit the Set Value Range (%) for the W parameter in the Object Inspector
pane. This may be repeated several times until good agreement between the
simulated and the collected pattern is observed. This should be done during V and
U refinement as well.
For phases present in amounts of approximately 1-5%, only refine the W parameter.
However, if a strong, non-overlapped peak of this minor phase can be clearly
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observed in the collected pattern, V and U parameters can be refined as well with
visual observation.
(xxxiii) For phases present in amounts below 1%, refinement of W, V, U and preferred

orientation parameters can be omitted.

3.3  Results and Discussion
3.3.1 Sample Preparation and its Effect on Phase Quantification

In order to assess the effects of repacking powder in the XRD sample holder, rescanning
without repacking, and sample preparation procedures on the quantification of crystalline phases,
a mixture of 50% TiO: (Aldrich) and 50% CaF. (Aldrich) was prepared. First, three specimens
were prepared and scanned. Then, one of the three specimens was scanned three times without
repacking and quantification was conducted on each scan and averaged. The last set used one
specimen that was repacked and scanned 3 times. For each set of the outlined sets, Rietveld
analysis using HighScore Plus was conducted on each scan for the quantification of the crystalline
content. The results presented in Table 3-1 indicate that rescanning, repacking, or preparing new
mixtures introduced error that did not exceed 0.4 weight percent error in crystalline weight fraction

quantification.

Table 3-1: Standard mixtures used for Verification of Specimen Preparation Procedures

Measurement Weight Fraction (Wt.%)
TiO2 (Rutile) | TiO2 (Anatase) | CaF2 (Fluoride)
3 Scans (one pack) 47.0 (0.1) 2.9(0.1) 50.1 (0.2)
3 Scans (with Repacking) 47.2 (0.3) 2.9 (0.1) 49.9 (0.4)
3 Replicate Mixtures 47.1(0.4) 2.8 (0.1) 50.1 (0.4)

3.3.2 Crystalline/Amorphous Content in Standard Reference Materials

NIST standard reference materials 674b TiO2 and Cr203 (see Appendix B) were used
together with corundum 676a (see Appendix A) to quantify the crystalline content in known
certified standards using both internal and external standard materials procedures. The 674b
certification indicates a crystalline content of 89.47% + 0.62% for TiO2 and 95.91% + 0.6% for
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chromium trioxide. Corundum (SRM 676a) has the highest certified crystalline content of 99.02%
+ 1.1%; therefore, it was used in implementing the internal and external standard protocol in the
current work. The mixtures used for specimen preparation using the internal standard method
included 50% of the internal standard, as suggested by Westphal et al. [1], for mixtures with low
amorphous content. Mixtures of 50:50 Al.O3-TiO>, and Al>0s-Cr203 were prepared and analyzed
using Rietveld refinement. For the external standard method, pure corundum, titania, and
chromium trioxide patterns were collected and analyzed using Rietveld refinement. In the current
study, the crystalline weight fraction of corundum, 99.02%, was used in Equation 1-6 to determine
the G calibration factor for corundum. The same instrumental and data collection conditions
adopted for corundum were used in pattern collection for 674b, as the calibration factor “is
dependent on the instrumental and data collection conditions” [2]. The calibration factor G was
then used to determine the crystalline weight fractions in TiO2 and Cr.Oz samples. Table 3-2 shows

the mass absorption coefficient values used for all oxides in the current study.

Table 3-2: Mass Absorption Coefficients for Elemental Oxides

Oxide Mass Absorption Coefficient
(MAC), (cm?/g)
SiO» 34.84
Al>;O3 30.91
Fe203 220.77
CaO 120.47
MgO 27.88
SO3 42.48
Na.O 24.28
K20 116.82
TiO. 121.97
P20s 38.59
Mn203 196.9
SrO 100.36
LOI 9.76
Cr203 176.40

X-ray diffraction scans of TiO> revealed the presence of anatase in small amounts. The
NIST certificate does not indicate if anatase was considered in quantification of the crystalline
content reported for titania.

Using the external standard method to quantify the

crystalline/amorphous content for pure preparations of titania, and the internal standard methods
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of quantification for a 50:50 mixture of Al.Oszand TiO: yielded similar crystalline/amorphous
content results with no significant differences between both methods and with similar errors as
depicted in Table 3-3.

As indicated previously, a second standard material, Cr.03, was also used to verify the
appropriateness of both external and internal standard procedures in quantifying the
crystalline/amorphous content of mixtures. The individual values used for calculating the G factors
necessary for the external standard procedure are listed in Table 3-4. The results depicted in Table
3-5 indicate that for materials with a low amorphous content of about 4%, both procedures yielded

results in good agreement with the certified values.

Table 3-3: Crystalline (Rutile) Content in TiO, (SRM 674b)

Quantification SRM Certified | Rutile Crystalline
Method Crystalline Content (%)
Content (%)
Internal Standard 89.47 89.9 (0.1)
External Standard 89.47 90.1

Table 3-4: Structure Parameters used for Calibration Parameter “G” Calculations for the External
Standard Method

Property Rutile Corundum Eskolaite (Cr203)
Volume (cm?) 62.41 254.87 289.37
Density (g/cm?®) 4.25 3.99 5.23

Mass Absorption

Coefficient(cm?/q) 121.97 30.91 176.4

Table 3-5: Crystalline Content Quantification for SRM 674b Cr.03 using Internal and External
Standard Methods

Quantification SRM Certified Eskolaite
Method Crystalline Crystalline Content
Content (%) (%)
Internal Standard 95.91 95.9
External Standard 95.91 95.6

The findings indicate that for Rietveld analysis, both internal and external methods yield
results in good agreement with NIST SRM certification for both titanium oxide and chromium

oxide. It was therefore concluded that either protocol could be used in the current study. The
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findings also indicate that an amorphous content as low as about 4.0% can be determined

accurately using the outlined methodology.
3.3.3 Phase Analysis of Standard NIST Clinkers

NIST clinkers were used in the current study for verifying phase quantification procedures
using Rietveld analyses. Three clinkers were used here; namely, SRM 2686, 2687, and 2688 (see
Appendices C, D and E, respectively). The results of the Rietveld refinement for the 3 NIST
clinkers are presented in Table 3-6 through Table 3-8. It is to be noted that the NIST certified
values are based on quantification methods using optical microscopy and Rietveld analysis. The

results depicted here indicate agreement between the analysis conducted in this current study and

the ASTM C1365 [3] specified limits on portland cement clinker phase quantification.

Table 3-6: Rietveld Analysis for NIST-SRM 2686 Clinker

Measurement Wt. (%)

Alite Belite Aluminate Ferrite Periclase
Scan 1 54.3 26.0 3.2 14.0 2.6
Scan 2 54.8 25.7 3.1 13.9 25
Average 54.6 (0.4) | 25.9(0.2) | 3.2(0.1) 14.0 (0.1) 2.6 (0.1)
NIST SRM 2686 58.6+4.0 | 233+28 | 23+21 | 141+14 | 33+19
Certificate
ASTM C1365 5.93 3.70 2.14 2.46 0.85
(maximum difference)

Table 3-7: Rietveld Analysis for NIST-SRM 2687 Clinker
Measurement Wt. (%)
Alite Belite Aluminate Ferrite Arcanite

Scan 1 72.4 12.8 12.8 1.2 0.7
Scan 2 72.3 12.7 13.0 1.3 0.8
Average 72.4(0.1) 12.8 (0.1) 12.9 (0.1) 1.3 (0.1) 0.8 (0.1)
NIST SRM 2687 71.24+1.27 | 1257 +1.22 | 11.82 +1.03 | 2.81+0.68 | 0.92 +0.15
Certificate
ASTM C1365 5.93 3.70 2.14 2.46 0.85
(maximum difference)

45




3.4

Table 3-8: Rietveld Analysis for NIST-SRM 2688 Clinker

Measurement Wt. (%)

Alite Belite Aluminate Ferrite
Scan 1 64.0 18.9 5.3 11.9
Scan 2 64.0 18.7 54 11.9
Average 64.0 (0.0) 18.8 (0.1) 5.4 (0.1) 11.9 (0.0)

NIST SRM 2688

‘e 64.95+1.04 | 1745+096 | 4.99+05 | 12.2+0.84
Certificate

ASTM C1365

(maximum difference) 5.93 3.70 2.14 2.46

Conclusions

The findings in this chapter indicate that the amorphous content can be determined with

accuracy for mixtures that contain an amorphous content as low as approximately 4%.

Additionally, the findings indicate that the Rietveld refinement protocol implemented on the

certified SRM clinkers gives results in agreement with the NIST certification as well as in

compliance with ASTM C1365 requirements.
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Chapter 4.  XRD Analyses of Commercial Portland Cement and Clinker
4.1 Introduction

Powder x-ray diffraction quantitative analysis was conducted on commercial PC and
clinker obtained from the FDOT approved list of construction materials suppliers. Rietveld
refinement of the crystalline phases and the total amorphous/unidentified content (A/uC) was
conducted on the as-received materials according to procedures outlined earlier in Chapter 2. Three
portland cements, PC1, PC2, and PC3, in addition to 3 clinkers, C1, C2, and C3, were selected for
quantitative analysis using x-ray diffraction coupled with Rietveld refinement.

4.2 Rietveld Refinement Procedures
4.2.1 Refinement of KOSH and SAM Extraction Residues

Since clinkers and cements contain a number of phases that suffer from peak overlap and
contain minor phases that may be difficult to identify, it is useful to perform selective dissolution
(extraction). In this study, KOSH and SAM extractions were used to refine the crystal structure
of silicates, aluminates, ferrites, and minor phases, which were then used in the refinement of the

as-received cements. Refinement of extraction residues can be carried out as follows:

(1) Open the scan file for the extraction residue and insert crystal structures from a
database for the phases identified in the extraction residue during the Search and
Match procedure.

(i) Select Polynomial as the profile function in the Background of the Object
Inspector pane.

(iii) Refine the flat background.

(iv) Refine scale factors for all phases.
(V) Refine zero shift.
(vi) Refine background coefficients 1-4.

(vii) Refine lattice parameters. Minor phases, especially those with peak overlap,
should be excluded from refinement in this step. The lattice parameters for these

phases can be refined individually.
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(viii)

(ix)

(x)

(xi)
(xii)

(xiii)

(xiv)

(xv)

(xvi)

Refinement of W, V, U, and preferred orientation parameters should first be
performed for the major phases with strong peak overlap, for example, for alite
and belite in the KOSH residue, and for aluminate and ferrite in the SAM residue.
Simultaneously refine the W parameters for the major phases with strong peak
overlap.

Simultaneously refine the V parameters.

Simultaneously refine the U parameters.

Refine preferred orientation if necessary. Care should be taken to enter the correct
hkl value for the direction of the preferred orientation in the Object Inspector
pane.

Uncheck the W, V, U, and preferred orientation parameters for the refined phases.
Consider the next most dominant phase. If refinement of lattice parameters for
this phase was omitted in step (vii), refine all the lattice parameters with visual
observation. If peak shift beyond the collected pattern is observed, the lattice
parameters for this phase should be excluded from refinement.

If the phase considered in step (xiv) is present in amounts above 5 wt.%, repeat
steps (viii) — (xiii). For phases present in weight fractions of approximately 5-
20%, this step should be accompanied by visual observation. If, during
refinement of one of the parameters, the value of this parameter increases
dramatically and the shape of the calculated profile broadens beyond the collected
profile, undo this refinement step and limit the Set Value Range (%) for the W
parameter in the Object Inspector pane. This may be repeated several times until
good agreement between the simulated and the collected pattern is observed. This
should be done during V and U refinement as well. For phases present in amounts
of approximately 1-5%, only refine the W parameter. However, if a strong, non-
overlapped peak of this minor phase can be clearly observed in the collected
pattern, V and U parameters can be refined as well with visual observation. For
phases present in amounts below 1%, refinement of W, V, U, and preferred
orientation parameters can be omitted.

Repeat steps (xiv) and (xv) until all the phases have been considered.
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(xvii)

Uncheck all refined parameters for all phases and save the refined structures as a

.cry file.

4.2.2 Refinement of Commercial Clinkers and Cements

(xviii)

(xix)

(xx)

(xxi)

(xxii)

Open the collected scan of a clinker or cement and insert the refined crystal
structures obtained from the KOSH and SAM residue refinement (step (xvii)
above). It was observed that although a gypsum structure is refined as part of the
SAM extraction residue, the use of this refined gypsum structure in cement
analysis results in overestimation of the gypsum content. Therefore, gypsum
structure should be added from the database. Calcite structure was taken from the
KOSH residue refinement, as formation of additional calcite was observed during
SAM extraction. Periclase structure was taken from the SAM residue refinement
since there is less peak overlap compared to the KOSH residue.

Repeat steps (ii) — (vii).

Repeat steps (viii) — (xiii) first for alite and belite, then for aluminate and ferrite.
Repeat steps (xiv) — (xvi) for calcite and gypsum. It may not be necessary to
further refine the rest of the phases.

When refinement is performed for materials with an internal standard, the internal
standard peak parameters should be refined last. After refinement of the internal
standard, open the Object Inspector pane for the internal standard phase, and enter
the actual crystalline content of the internal standard under Standard Weight
Percentage in order to calculate amorphous/unidentified content. If the wt.% of
internal standard is displayed with the rest of the phases in the Analyze View,
select Program Settings from the Customize menu, select Fitting/Rietveld tab,
and change the Show Weight Percentages drop-down menu to As Received. The
program will then recalculate the wt.% for the as-received material without the
internal standard and the internal standard phase will no longer be visible in the
Analyze View.
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4.3 Results and Discussion

The sample preparation, selective dissolution, data collection, and analyses for cements
and clinkers were conducted according to the methodologies described in detail in Chapter 2. For
the crystalline and amorphous/unidentified content determination, the cements and clinkers were
mixed with 20 wt.% corundum as an internal-standard material [1]-[6]. The corundum content
was selected to compare the results of the alite and belite weight fraction determination using an
additional methodology of phase quantification, a calibration curve method, that will be presented

later in Chapter 5.
4.3.1 Cements
4.3.1.1 PC1 Cement

The phase search and match procedure and the Rietveld refinement showed the presence
of the following minor phases in PC1 cement: portlandite and syngenite. The content of portlandite
and syngenite was low, less than 1 wt.%. Calcite and gypsum in the cement were about 5 wt.%.
The amorphous/unidentified content in the PC1 cement was about 2 wt.%. The amount of ferrite
slightly exceeded that of the aluminate. The complete phase analysis for the PC1 cement is shown
in Table 4-1.

Table 4-1: PC1 Cement Mineralogical Analysis

Phase Sample | Sample | Sample | AVERAGE
P1-S1 p2-S1 P3-S1 (STDEV)
Alite 46.7 46.4 46.8 46.6 (0.2)
Belite 24 24.5 24.8 24.4 (0.4)
Aluminate 4.8 4.9 4.7 4.8 (0.1)
Ferrite 9.9 9.7 9.8 9.8 (0.1)
Portlandite 0.9 0.8 0.7 0.8 (0.1)
Syngenite 0.9 1 0.7 0.9 (0.2)
Calcite 4.9 4.7 4.8 4.8 (0.1)
Gypsum 5 5 4.9 5.0 (0.1)
Hemihydrate 1.1 1 0.7 0.9 (0.2)
A/uC 1.7 2 2 1.9 (0.2)

Abbreviations: P — pack, S — scan. AVERAGE and STDEV are the average and the standard
deviation for P1 — P3 packs, respectively.
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4.3.1.2 PC2 Cement

Rietveld refinement indicates the minor phases in the PC2 cement were: anhydrite,
aphthitalite, and syngenite, and were present at less than 1 wt.%. The main difference between
PC2 and PC1 cements was that the PC2 cement had a much higher calcite content, about 11 wt.%.
The amorphous/unidentified content in PC2 cement was about 10 wt.%. The crystalline and

amorphous/unidentified contents in PC2 cement are shown in Table 4-2.

Table 4-2: Mineralogical Analysis of PC2 cement

Phase Sample | Sample | Sample | AVERAGE
P1-S1 P2-S1 | P3-S1 | (STDEV)
Alite 48.1 47.8 47.1 47.7 (0.5)
Belite 14.5 14.2 14.8 14.5 (0.3)
Aluminate 1.7 1.8 1.6 1.7 (0.1)
Ferrite 10.9 11.2 11.3 11.1 (0.2)
Aphthitalite 0.0 0.1 0.1 0.1(0.1)
Syngenite 1.0 1.0 0.7 0.9 (0.2)
Calcite 9.7 11.2 11.1 10.7 (0.8)
Gypsum 1.0 0.9 1.1 1.0 (0.1)
Hemihydrate 2.0 2.1 1.9 2.0(0.1)
Anhydrite 0.0 0.0 0.1 0.0 (0.1)
AluC 10.8 9.8 10.2 10.3 (0.5)

4.3.1.3 PC3 Cement

The phase search and match procedure and the Rietveld refinement analysis showed the
presence of the following minor phases in PC3 cement: periclase, aphthitalite, and syngenite. The
contents of these phases were less than 1 wt.%. The calcite content in the cement was about 5
wt.%. The total amount of gypsum and hemihydrate in cement was about 3 - 3.5 wt.%. The
amorphous/unidentified content in PC3 cement was about 8 - 9 wt.%. The amount of ferrite notably
exceeded that of the aluminate. The crystalline and amorphous/unidentified contents in PC3

cement are presented in Table 4-3.
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Table 4-3: PC3 Cement Mineralogical Analysis

Phase Sample | Sample | Sample | AVERAGE
P1-S1 | P2-S1 | P3-S1 | (STDEV)
Alite 53.3 52.4 54.3 53.3 (1.0
Belite 14.5 14.6 14.4 14.5 (0.1)
Aluminate 1.7 1.6 1.6 1.6 (0.1)
Ferrite 11.6 11.4 12.0 11.7 (0.3)
Periclase 0.2 0.1 0.2 0.2 (0.1)
Aphthitalite 0.1 0.0 0.1 0.1(0.1)
Syngenite 1.0 0.9 0.7 0.9 (0.2)
Calcite 5.1 55 6.3 5.6 (0.6)
Gypsum 2.3 2.7 2.2 2.4 (0.3)
Hemihydrate | 1.0 1.3 0.8 1.0 (0.3)
A/uC 9.0 9.5 7.4 8.6 (1.1)

4.3.2 Clinkers

The mineralogical composition of C1, C2, and C3 clinkers are presented in Tables 4-4
through 4-6. C3 clinker had a periclase content of about 2 - 3%, while C1 and C2 clinkers had no
periclase content.

Table 4-4: Mineralogical Analysis of C1 clinker

Phase Sample Sample | Sample AVERAGE
P1-S1 p2-S1 P3-S1 (STDEV)
Alite 49.5 49.4 49.1 49.3 (0.2)
Belite 29.3 29.0 29.0 29.1 (0.2)
Aluminate 5.2 5.4 5.4 5.3(0.2)
Ferrite 10.6 10.6 10.7 10.6 (0.1)
Portlandite 0.5 0.6 0.6 0.6 (0.1)
Syngenite 1.6 1.4 1.6 1.5(0.1)
AluC 3.3 3.7 3.5 3.5(0.2)
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Table 4-5: Mineralogical Analysis of C2 Clinker

Phase Sample | Sample | Sample | AVERAGE
P1-S1 | P2-S1 | P3-S1 (STDEV)
Alite 68.9 68.6 68.1 68.5 (0.4)
Belite 12.4 11.2 11.4 11.7 (0.6)
Aluminate 2.7 2.7 2.7 2.7 (0.0)
Ferrite 12.4 12.4 12.4 12.4 (0.0)
Lime 0.1 0 0.1 0.1(0.1)
Aphthitalite 0.2 0.1 0.1 0.1(0.1)
Syngenite 0 0.2 0.2 0.1(0.1)
AluC 3.4 4.8 5.0 4.4 (0.9)

Table 4-6: Mineralogical Analysis of C3 Clinker

Phase Sample | Sample | Sample | AVERAGE
P1-S1 P2-S1 P3-S1 (STDEV)
Alite 57.0 56.8 55.4 56.4 (0.9)
Belite 16.9 17.4 17.1 17.1 (0.3)
Aluminate 11.2 11.2 11.0 11.1(0.1)
Ferrite 6.4 6.5 6.4 6.4 (0.1)
Periclase 2.5 2.4 2.4 2.4 (0.1)
Lime 0.1 0.1 0.1 0.1 (0.0)
Arcanite 0.9 1.0 1.1 1.0 (0.1)
Aphthitalite 0.2 0.1 0.2 0.2 (0.1)
Portlandite 0.4 0.3 0.4 0.4 (0.1)
Syngenite 0.3 0.3 0.2 0.3(0.1)
A/uC 4.1 3.9 5.7 4.6 (1.0)

The phase search and match procedures and the Rietveld refinement analyses showed the
presence of the following minor phases in C1 clinker: portlandite and syngenite. Syngenite content
was highest in this clinker compared to C2 and C3 clinkers. C3 clinker showed the presence of
arcanite and aphthitalite, which were not detected in C1 clinker. Additionally, potassium calcium
sulfate was identified in the SAM extraction for C3 clinker as a minor phase but was not reliably

detected, due to its lower content, in the Rietveld refinement of the clinker.
4.4 Conclusions

(1) The cements and clinkers analyzed here contained from three to six minor phases.

All commercial materials contained syngenite as a minor phase;
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(i) For PCs and clinkers studied here, the amorphous/unidentified content varied from
about 2 wt.% to 10 wt.%;

(i)  Quantitative x-ray diffraction and Rietveld analyses showed high precision in
quantifying the mineralogical phases in the commercial PCs and clinkers.
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Chapter 5.  Optical Microscopy, XRD Calibration Curves, and Rietveld Refinement

5.1 Introduction

In this chapter, different experimental techniques that are commonly used in phase
quantification of portland cements will be employed to evaluate their suitability for routine cement
analysis. Three techniques were used here; namely, optical microscopy (OM), XRD calibration
curves (XRD-CC) and XRD-Rietveld refinement (XRD-RF). The focus was on quantifying the
silicate phases, alite and belite. Three commercial cements and one commercial clinker were

studied and the results are presented in the following sections.

5.2 Materials and Methodology
5.2.1 Materials
In generating the alite and belite calibration curves, the following materials were selected:

(1) Alite and Belite purchased from a certified commercial laboratory;
(i)  Calcium fluoride, CaF, as a dilution material;

(iii)  SRM 676a Corundum (at 20 weight percent), as an internal standard.

SRM 676a corundum was chosen as the internal-standard reference material, while the
fluoride was chosen as a dilution material. Corundum content was maintained constant, while
calcium fluoride was used to dilute alite and belite in the sample to generate data for calibration
curves. The diluted values were close to the percentages of alite and belite typically encountered
in commercial portland cement, approximately 40 to 60 wt.% for alite and 9 to 30 wt.% for belite.
Three commercially available cements and one clinker were examined by both XRD-CC and
XRD-RF, and the clinker was further examined by OM. The analyzed specimens were: PC1
cement, PC2 cement, PC3 cement, and C2 clinker. The cements used here were the same as in
Chapter 4; however, the cements were heat treated prior to conducting calibration curve analysis
to transform gypsum and hemihydrate to anhydrite to avoid interference with the belite peak in
XRD-CC analysis.
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5.2.2 XRD-CC Procedure/Strategy

The calibration curve method is based on the analysis of a single-peak intensity for the
phases of interest in the analyzed material as well as in the internal-standard material. The single-
peak intensity is the integrated area under the experimental or theoretical fitted peak [1]. The
procedure for the single-peak intensity measurements involves two steps: fitting of the
experimental peak, and calculating the integrated area under the fitted peak. The selected cements
were calcined at 500°C for one hour to drive off the water and convert the gypsum and hemihydrate
to anhydrite [2, 3]. This eliminates peak overlap since the gypsum and hemihydrate peaks interfere
with belite, and provides a single resolvable belite diffraction peak for calibration curve

measurements.

The calibration curve method is considered as part of the internal-standard method and is
based on the analysis of single peak intensities, I, and I, for the phase p and the internal-standard
material [1, 2, 4, 5]. According to Klug and Alexander [1], the intensity ratio

I w,
2= k2= KW,
Is Ws

Equation 5-1

eliminates the necessity to know the mass absorption coefficients of the phase p and the internal-
standard material [1, 4]. Here, W, and W are the weight fractions of the phase p and the internal-
standard material, and k' is the calibration constant derived from the plot I,,/Is versus W, for a
known weight fraction, Ws, of the internal-standard material. To get sufficient data for a calibration
curve or the calibration constant k', a set of mixtures of the standard material with the phase of
interest are prepared; at least three mixtures with known minimum, medium and maximum weight

fractions of W, should be prepared.

The XRD patterns from a set of at least three mixtures provide L,/Is versus W,, and the
linear fitting of these data points provides the calibration curve and the calibration coefficient k'.
Then, these calibration curves can be used for the quantification of a single phase p in a multiphase
material via measurement of the L, /I ratio and using:

_ 1 ion 5-
P =l Equation 5-2
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The relationship between the precision (standard deviation), sy, of the weight fraction and the

precision (standard deviation), s;, of the intensity ratio is given by the following relationship:

Sy = %s, : Equation 5-3

Within the calibration curve analysis, the precisions (sy,, standard deviation) of the weight
fractions were determined according to Equation 5-3. The precision, s;, of the intensity ratio is the
sum of the precisions (standard deviations) s;inyesr) and s;ccaiipr) OF the investigation and
calibration materials, respectively. In Equation 5-4, s;.q41ipr) IS the average value of the intensity

ratio standard deviations for the three mixtures of the calibration curve.

S; = Si(invest) T Si(calibr) Equation 5-4
In establishing the calibration curves for alite and belite, the following peaks were selected:

0] alite: 26aiite = 51.7°;
(i)  belite: 20geiite = 31°;
(iii)  corundum SRM 676a: 20cor = 43.3°

Corundum was added at 20 wt.% in the mixtures to provide an alite-to-corundum intensity ratio
close to unity. The calibration curves for alite and belite quantification are presented in Figure 5-1
and Figure 5-2 as the average intensity ratios versus the weight fractions of Waiite and Wgeiite. The
alite and belite calibration constants determined from the data were k'aiite = 0.0255 and K'gelite =

0.0083, respectively.
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5.2.3 OM Methodology

The comparative and complex studies of cements and clinkers made by different methods
enabled the general conclusion that Rietveld refinement analysis is currently the most reliable and
accurate way for phase quantification [6 - 8]. However, in combination with optical microscopy
and spectroscopic microanalysis, these methods give more complete information concerning the

composition, complex chemistry, and crystallography of phases [9].

Optical microscopy can provide qualitative and quantitative information about the
microstructure of the clinker and cement, and can aid in the control of the clinker and cement

quality [10]. Preparation of clinker and cement samples involves the following general steps [10]:

- crushing and grinding sample to usable particle size
- mounting sample and epoxy-impregnating
- grinding and polishing the sample, and

- etching the surface of the sample

The use of different etchants reveals the color and texture contrast of different phases for
easier observation, investigation, and identification [10]. Phase identification is based on the
relative sizes, shapes, colors, and textures of the cementitious grains. Point-count analysis can be
used to estimate the phase volume fractions [11]. The point-counting procedure was done in
accordance with the ASTM C1356-07 Standard [12]. In this procedure, the samples were moved
with uniform steps on a grid pattern using a position-adjustable microscope stage. The grid pattern
can be established with a grid reticle in the microscope eyepiece, or using a cross-hair in the
eyepiece with a mechanical point-count microscope stage. The phase present at each grid point is
identified and counted. The quantification of phases in the point-counting method is based on the
principle that the areas of the phases on the polished section of the sample are proportional to their
volumes in the sample [13]. However, this principle is valid for statistically isotropic samples,
where the preferred orientation of phases is minimized. This condition is usually hard to satisfy,
especially for clinker material. Several more factors strongly affect the phase quantification by the
point-counting method in optical microscopy. For heterogeneous materials like clinkers, where
grains can be composed of a single crystalline phase or a distribution of crystalline phases, accurate

phase identification and quantification is difficult. Additionally, the quantification of aluminate
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and ferrite phases by the point-counting method is often quite difficult because of their very small

crystallite size within the microstructure [6, 14].

5.2.3.1 Sample Preparation

The sample preparation adopted from reference [10] is followed in preparing samples for

optical study. In the following sections, the sample preparation procedures are outlined.

5.2.3.2 Sample Mounting

(i)

(ii)

(iii)

(iv)
(v)

(vi)

(vii)

Crush and grind clinker nodules using mortar and pestle to obtain sample fragments
finer than 2.38 mm (passing #8 sieve);

Clean the sample fragments in 200 proof ethanol for 5 minutes using an Ultramet
2003 Sonic Cleaner;

Dry the sample fragments for 5 minutes using a hairdryer;

Place the sample fragments into a mounting cup coated with a release agent;

Mix 25 g of epoxy resin (EPO-TEK 301A from Epoxy Technology Company) with
10 grams of hardener (EPO-TEK 301B). The viscosity at room temperature was
reported by the manufacturer to be 100-200 cPs. Stir the mixture for 3 minutes;
Fill the mounting cup with activated epoxy resin half-way, prod with wire for about
1 minute to dislodge bubbles, and place the mounting cup into a Logitech Epvac
Vacuum chamber to remove air-bubbles;

Fill the mounting cup with the remainder of the epoxy and repeat the previous de-

airing step (vi);

(viii)  Cure the impregnated clinker sample in an oven at 50°C for 3 hours.

5.2.3.3 Sample Surface Grinding and Polishing

(i)

Cured samples were ground with Struers MD Piano (220, 500, 1200-grit) grinding
disks using ethylene glycol as a lubricant in order to prevent hydration of the clinker
particles overheating of the sample surface. The rotational speed of the disks ranged
from about 150 - 300 rpm;

60



(ii)

(iii)

Initial polishing of the sample surface was accomplished with a Struers MD Dur
polishing disk using 3um diamond paste;
Final polishing was done with an MD Nap polishing disk with 0.05 pm Al20s

powder.

5.2.3.4 Sample Surface Etching and Staining

(i)

(ii)

The freshly polished sample surface was etched with ammonium nitrate solution
(1g NHsNO3z + 20 mL H20 + 20 mL ethyl alcohol + 10 mL acetone + 150 mL
isopropyl alcohol) for 15 seconds, cleaned with 200 proof ethanol, and dried with
a hair dryer;

The sample surface was stained with salicylic acid stain (0.2g salicylic acid + 25
mL H20 + 25 mL ethyl alcohol) for 10 seconds, cleaned with 200 proof ethanol,
and dried with a hair dryer.

5.2.3.5 Typical Characteristics of Clinker Phases

Alite consists of trigonal, monoclinic, and triclinic modifications of impure tricalcium

silicate, C3S [10]. Alite generally occurs as a well-defined crystal with sharp edges and hexagonal

morphology. When etched with ammonium nitrate, alite crystals reflect brown in polarized light,

and after being stained with salicylic acid, alite crystals can reflect blue, brown, or light yellow

(see Figure 5-3). Commonly, alite crystals can contain belite and matrix inclusions, and secondary

belite coatings [10, 15]. Another common feature of alite crystals is structural variation that occurs

due to selective inclusion of different ions during the alite formation process. This distinction is

noticeable in the etched polished section, where the colors of alite crystals vary from brown to blue

[15].
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Figure 5-3: Optical image of clinker after etching and staining, 500x

Belite is a solid solution of impure dicalcium silicate, C,S [10]. Belite crystals are typically
of round morphology with cross lamellar structure. Belite crystals can also take on ragged shape,
with lamellae extending into the matrix. After etching using ammonium nitrate and salicylic acid
stain, belite crystals ranged from light to dark brown in color [10] (see Figure 5-3). At the
clinkering temperature during production, alite and belite grains are typically surrounded by a
liquid matrix phase that is mainly an iron-aluminum-calcium-silicate. During cooling, tricalcium
aluminate, tetracalcium aluminoferrite, and secondary belite crystallize from the matrix. Minor

phases of periclase and sulfate crystals can also form during cooling [15].

Tricalcium aluminate, C3A, consists of xenomorphous to rectangular crystals of varying
sizes. On a polished section, aluminate is visible as the light-gray areas of the solidified liquid
phase. Ferrite, C4AF, is an orthorhombic solid solution that typically forms a mesh in which CzA
crystallizes. Under polarized light, ferrite appears as a white network between alite and belite
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crystals. Free lime is often present in contact with alite, but not in contact with belite because free
lime and belite react to produce alite [15]. In clinkers and cements, expansive hydration produces
popcorn-like crystals of calcium hydroxide that surround grains of free lime. Free lime occurs as
grey, rounded grains that occur separately, in clusters, or as inclusions in aluminates or alite [10].
Periclase (cubic magnesium oxide) occurs as small triangular, octahedral, rectangular, or rounded

grains, or as dendritic crystals. On a polished section, periclase has a pinkish, light-gray color.
5.2.3.6 Quantification of Clinker Phases

Point counting entails the identification and recording of the phase under cross-hair
intersections or dots in an eyepiece reticle [10]. During the point count analysis, a grid is
superimposed on the observed clinker surface. Grid dimensions are usually chosen in such a way
that the cross-hair intersections do not fall on the same crystal, except for the few unusually large
crystals. Figure 5-4 shows different grid proportions during the application of the point count
method. Figure 5-4 (a) is an example of how grid dimensions should be used to get a more
representative phase count because most of the cross-hairs fall on a different crystal. Figure 5-4
(b) is an example of underrepresentation of clinker phases because many of the phase crystals are
missed by the crosshairs. Figure 5-4 (c) is an example of overrepresentation of clinker phases

because many crosshairs fall on the same crystal.

(a) (b) (c)

Figure 5-4: Illustration of different grid proportions
The volume fraction of each phase was calculated by dividing the number of points counted

for that phase by the total number of points. This number multiplied by 100 yields the phase content
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in volume percent (V) [12]. In order to find the weight percent W}, of each phase p, the volume
percent of each phase (Vp) was multiplied by the respective phase density p,, and normalized by

the total weight.

= Vppp 0, H _
W, =100 5 Voo (%). Equation 5-5

Figure 5-5 through Figure 5-12 present some of typical variations in clinker morphology
captured by optical microscopy. The polished clinker samples were prepared according to the
procedures discussed previously in sections 5.2.4.1-5.2.4.4. The apparent heterogeneity in phase

distributions, within each of the captured images, is noted.

Figure 5-5: Optical micrograph (50x) of a polished clinker sample (15 second ammonium nitrate
etch and 10 second salicylic acid stain)



In Figure 5-5 through Figure 5-7, large clusters of beige-brown belite crystals are
noticeable along the edges of the clinker grain. Belite crystals have a rounded shape and appear to
be light- to medium-beige with brown outlines (yellow arrows). These are not to be confused with
the typically idiomorphous brown alite crystals (green arrow). A heterogeneous distribution of
crystal phases in the porous clinker nodule can be seen in Figure 5-6. A wide size range of alite
crystals, ranging in color from dark-blue to brown are observable. Clustering of beige-colored
belite crystals is apparent in the top right corner and in the bottom center of the image. Small

groups of round black grains of free lime are well dispersed throughout the nodule.

Figure 5-6: Optical micrograph (50x) of a polished clinker sample (15 second ammonium nitrate
etch and 10 second salicylic acid stain)
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Figure 5-7: Optical micrograph (50x) of a polished clinker sample (15 second ammonium nitrate
etch and 10 second salicylic acid stain)

The clinker nodule on the left in Figure 5-7 is porous with a heterogeneous distribution of
crystal phases. It contains more light-blue alite crystals that were more reactive to the salicylic acid
stain. Large clusters of brown belite appear to be common on the edges of voids and pores. The
clinker nodule on the left of Figure 5-7 appears to have a slightly better distribution of belite than

the nodule on the right, which also has darker alite crystals.
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Figure 5-8: Optical micrograph (200x) of a polished clinker sample (15 second ammonium
nitrate etch and 10 second salicylic acid stain)

Figure 5-8 shows a wide size range of alite crystals, from very small to large. The alite
crystals are uniformly distributed and are mostly idiomorphous (yellow arrow) with some
xenomorphous (green arrow) alite crystals. Alite crystals vary in color from medium blue to dark
blue to brown. Other observations include a relatively low content of solidified liquid (matrix
phase) containing a relatively dull ferrite phase and medium-sized aluminate grains, small round
belite inclusions in the alite crystals (red arrow), and belite inclusions in the matrix (orange arrow).
Care must be taken not to mistake belite inclusions in the alite for porosity. The inclusions are
brown or white and at the same surface height as the crystals, whereas pores are recessed and
appear grey-black. A trail of small, xenomorphous periclase crystals is visible in the upper left
corner of Figure 5-8; small clusters and individual grains of free lime inconsistently occur at the

top of pores and in the matrix phase.
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Figure 5-9: Optical micrograph (200x) of a polished clinker sample (15 second ammonium
nitrate etch and 10 second salicylic acid stain)

Figure 5-9 shows a clinker nodule that is heterogeneous and moderately porous. The
microstructure contains mainly alite grains with a range of sizes. The clinker also contains belite,
matrix inclusions, and a low amount of free lime. Most of the alite crystals exhibit a brown color
with an idiomorphous (typical) to xenomorphous shape. No belite can be seen; however, the matrix

contains less-reflective ferrite and medium-sized aluminate inclusions.
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Figure 5-10: Optical micrograph (500x) of a polished clinker sample (15 second ammonium
nitrate etch and 10 second salicylic acid stain)

In Figure 5-10, the alite crystal shape ranges from idiomorphous (yellow arrow) to
subhedral or xenomorphous (red arrow), with a wide range of grain sizes. Belite occurs only as
inclusions and secondary belite. Small belite and matrix inclusions are present in many of the alite
crystals. A thick fringe of dendritic, brownish-gray, secondary belite is present on the edges of the
alite crystals and inside the matrix phase. Cannibalism of idiomorphic alite crystals is common in
this granule (yellow arrow). The microstructure contains a relatively low content of matrix phase,
which contains very coarse, prismatic aluminate crystals and bright ferrite crystals. In addition,

dendritic periclase crystals and secondary belite can be seen.
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Figure 5-11: Optical micrograph (500x) of a polished clinker sample (15 second ammonium
nitrate etch and 10 second salicylic acid stain)

The microstructure of the polished clinker sample shown in Figure 5-11 contains loosely
packed alite and belite grains surrounded by a matrix containing aluminate and bright ferrite
inclusions. The morphology of the alite grains ranges from subhedral to xenomorphous, and the
rounded belite grains contain a cross-lamellar structure or have multidirectional lamellae. Many
alite grains have belite inclusions. A thin fringe of secondary belite surrounds many of the alite
grains. The large, gray, rounded areas visible in the bottom left, bottom center, and top right of the

image are epoxy-filled holes in the clinker.
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Figure 5-12: Optical micrograph (200x) of a polished clinker sample (15 second ammonium
nitrate etch and 10 second salicylic acid stain)

A densely-packed vein of beige-brown, ragged belite grains can be seen diagonally
traversing the clinker surface shown in Figure 5-12. The dark-blue to brown alite grains
surrounding this vein of belite range from idiomorphous to xenomorphous, and appear to be larger
next to the belite vein and temporarily decrease in size with distance from the vein. Free lime is

visible on the pore surfaces.
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Figure 5-13: Higher magnification (500x) optical micrograph of the belite vein in the clinker
microstructure shown in Figure 5-12

The densely packed belite vein from the microstructure in Figure 5-12 is shown at higher
magnification in Figure 5-13, where the rough texture of the belite grains is easily seen. The
presence of dendritic belite “fingers” can be seen extending into the matrix. The subhedral to
xenomorphous alite grains, appearing dark blue to brown, can be seen at the edges of the belite

vein. The matrix contains moderately bright ferrite and brighter aluminate inclusions.
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Figure 5-14: Optical micrograph (500x) of a polished clinker sample (15 second ammonium
nitrate etch and 10 second salicylic acid stain)

The clinker microstructure presented in Figure 5-14 shows blue-brown, idiomorphous to
xenomorphous alite grains, with rounded belite inclusions, surrounded by a matrix containing
aluminate, dull ferrite, and periclase inclusions. A periclase crystal (yellow arrow) appears to be
developing a dendritic structure. The periclase crystals are not level with the polished surface,
indicating a difference in hardness.

5.3  Results and Discussion
As indicated previously, cements used in this part of the study were heat treated to

transform gypsum and hemihydrate to anhydrite so as to avoid interference with the belite peak
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used in XRD-CC analysis. The results for the 3 commercial cements PC1, PC2 and PC3, as well

as C2 clinker are presented in Table 5-1.

Table 5-1: Silicate Phases Content in Cements and Clinker

Phase PC1 Cement PC2 Cement PC3 Cement C2 Clinker

XRD-RF | XRD-CC | XRD-RF | XRD-CC | XRD-RF | XRD-CC | XRD-RF | XRD-CC | OM

Alite | 46.6(0.2) | 43.0(4.8) | 47.7(0.5) | 44.1(3.3) | 53.3(1.0) | 57.4(3.4) | 68.5(0.4) | 65.4(3.3) | 69.8

Belite | 24.4(0.4) | 20.5(2.0) | 14.5(0.3) | 13.8(2.3) | 145(0.1) | 11.4(15) | 11.7(0.6) | 6.6(22) | 10.9

Comparing XRD-RF and XRD-CC indicates, in general, that the silicate phases’
quantification using the calibration method yielded lower values than those determined through
Rietveld refinement for all materials studied here. Additionally, the latter showed lower standard
deviation than the former. Clinker phase analysis results using optical microscopy were in good
agreement with those determined through Rietveld analysis. Again, quantification using XRD-CC
resulted in lower values for the two silicate phases, alite and belite. However, it must be stated that
no attempt was made to recalculate the phases (Rietveld analysis) based on eliminating the
unidentified content in C2 clinker (Chapter 4). Recalculation would increase the crystalline phase
content by about 5.7% for the XRD-RF samples. One of the concerns in using optical microscopy
to determine phase volume fractions is the number of images that must be analyzed to ensure that
a representative sampling of the microstructure has been analyzed. Due to the time-consuming

nature of the image analysis process, it is not favored as a routine method for phase quantification.

5.4 Conclusions

(1) It is critical to select appropriate materials in establishing XRD-CC for phase
quantification. For example, the materials used for establishing calibration curves,
in this case alite and belite, should have crystal structures that are similar to the
commercial materials that are to be quantified. Also, the materials used for
calibration must be free from peak overlap in the 26 angular range selected for
establishing the calibration curve.

(i) In satisfying the above, it might be necessary to resort to selective dissolution to
separate the phase(s) of interest from the commercial cement/clinker. This could be
very challenging and time consuming. Additionally, if there are changes in the kiln
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5.5

[1]

[2]

[3]

[4]

[5]

burning conditions or raw feed, the process must be repeated, or at a minimum
verified, to determine the effects of the burning conditions on the crystal structure
of the clinker phases.

(ili)  The comparative analysis of the Rietveld and calibration curve techniques showed
that quantification of silicate phases using calibration curves yielded lower values
than for Rietveld analysis.

(iv)  Calibration curve development can be challenging in the event there is peak
overlap.

(V) The calibration curve analysis showed, in general, a lower precision for
determination of phase weight fractions than with the Rietveld refinement analysis.
This was expected as Rietveld analysis minimizes differences between measured
and analyzed patterns for the whole scan versus an individual peak.

(vi)  Optical microscopy phase quantification can be affected by phase inhomogeneity
in the clinker nodules. It requires a properly trained and dedicated petrographer.

(vii)  For clinker or portland cement phase analyses, it appears that Rietveld refinement
is the most practical method to adopt, especially since it can be automated in cement

production plants as well as in regulatory agencies.
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Chapter 6.  Portland-Limestone Cements

6.1

Introduction

One of the main objectives of the current study is to identify and quantify constituents of

commercial SCM-blended cements as well as portland-limestone cements (PLCs). In this chapter,

phase quantification and analysis for limestone blended cements will be presented. Rietveld

refinement of the crystalline phases and the total amorphous/unidentified content (A/uC) was

conducted on portland-limestone cements as well as limestones that are currently being considered

for use in different construction projects in the state of Florida. Two portland-limestone cements,

PCL1 and PCL3, and three limestones, L1, L2 and L3, were selected for quantitative analysis using

Rietveld refinement.

6.2

6.2.1

Methodology
Refinement Procedure for Limestone

The refinement of limestone was carried out using an internal standard.

(i)  Open the collected XRD scan and insert crystal structures identified during the
Search and Match procedure described in section 2.3.2 including the structure for the
internal standard.

(i) Select the Polynomial background function and refine flat background.

(ili)  Refine scale factors of all phases.

(iv)  Refine zero shift.

(V) Refine coefficients 1 — 4 under the Background Polynomial.

(vi)  Refine lattice parameters. Minor phases should be excluded from refinement in
this step. The lattice parameters for these phases can be refined individually.

(vii)  Successive refinement should be carried out for the phases with the largest content
to the smallest.

(viii) Refine the W parameter. For phases present in amounts of approximately 5-20%,
this step should be accompanied by visual observation. If during refinement of one of
the parameters, the value of this parameter increases dramatically and the shape of the

calculated profile broadens beyond the collected profile, undo this refinement step and
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6.2.2

limit the Set Value Range (%) for the W parameter in the Object Inspector pane. This

may be repeated several times until good agreement between the simulated and the

collected pattern is observed. This should be done during V and U refinement as well.

For phases present in amounts of approximately 1-5%, only refine the W parameter.

However, if a strong, non-overlapped peak of this minor phase can be clearly observed

in the collected pattern, the V and U parameters can be refined as well with visual

observation. For phases present in amounts below 1%, refinement of W, V, U and

preferred orientation parameters can be omitted.

(ix)
)

(xi)
(xii)

Refine the V parameter.

Refine the U parameter.

Refine preferred orientation if necessary.

Repeat steps (viii) through (xi) until all the phases have been considered.

Refinement Procedure for PC-Limestone Blends

(i)

(i)
(iii)
(iv)

(V)
(vi)
(vii)
(viii)
(iX)
()

(xi)
(xii)

Perform KOSH and SAM extractions as described in section 2.2.3.

Open the collected XRD scan for each extraction residue.

Insert crystal structure identified during the Search and Match procedure.

For the refinement of extraction residues, select the Polynomial profile function in
the background Object Inspector pane.

Refine flat background.

Refine scale factors of all phases.

Refine zero shift.

Click on the Background Polynomial submenu and select Polynomial under
Method. Refine coefficients 1 — 4 under the Background Polynomial.

Refine lattice parameters for all phases. For the minor phases (below 5%)
refinement of lattice parameters at this point should be omitted.

Simultaneously refine the W parameters for alite and belite for the KOSH extraction
residue or aluminate and ferrite for the SAM residue.

Simultaneously refine the V parameters for alite and belite or aluminate and ferrite.

Simultaneously refine the U parameters for alite and belite or aluminate and ferrite.
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(xiii)

(xiv)

(xv)

(xvi)

(xvii)
(xviii)

(xix)

(xx)

(xxi)

(xxii)

Refine preferred orientation for alite (KOSH extraction). Care should be taken to
enter the correct hkl value for the direction of the preferred orientation in the Object
Inspector pane.
Uncheck W, V, U and preferred orientation parameters for the refined phases to
exclude them from further refinement.
Consider the next most dominant phase. If refinement of lattice parameters for this
phase was omitted in step (ix), refine all the lattice parameters with visual
observation. If peak shift beyond the collected pattern is observed, the lattice
parameters for this phase should be excluded from refinement.
If the phase considered in step (xv) is present in amounts above 5 wt.%, refine W,
V, U parameters one at a time. For phases present in weight fractions of
approximately 5-20%, this step should be accompanied by visual observation. If
during refinement of one of the parameters the value of this parameter increases
dramatically and the shape of the calculated profile broadens beyond the collected
profile, undo this refinement step and limit the Set Value Range (%) for the W
parameter in the Object Inspector pane. This may be repeated several times until
good agreement between the simulated and the collected pattern is observed. This
should be done during V and U refinement as well.
Refine preferred orientation if necessary.
Uncheck W, V, U and preferred orientation parameters for the refined phase.
If the phase considered in step (xv) is present in amounts of approximately 1-5%,
only refine the W parameter. However, if a strong, non-overlapped peak of this
minor phase can be clearly observed in the collected pattern, V and U parameters
can be refined as well with visual observation. For phases present in amounts below
1%, refinement of W, V, U and preferred orientation parameters can be omitted.
Repeat steps (xv) — (xix) until all the phases have been considered.
Uncheck all refined parameters for all phases and save the refined structures as a
.cry file.
Open the collected XRD scan for the PC-limestone blend and insert the .cry
structures created during the KOSH and SAM residue refinements. It was observed
that although a gypsum structure is refined as part of the SAM extraction residue,
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(xxiit)

(xxiv)
(xxv)
(xxvi)

(xxvii)

the gypsum is altered by the extraction process, and the use of this refined gypsum
structure results in overestimation of the gypsum content in as-received cement.
Therefore, the gypsum structure to be used should be added from the database. The
calcite structure was obtained from the KOSH residue refinement, as formation of
additional calcite was observed during SAM extraction. The periclase structure
was taken from the SAM residue refinement since there is less peak overlap
compared to the KOSH residue.

Select the Polynomial profile function in the Background of the Object Inspector
pane.

Repeat steps (v) — (ix).

Repeat steps (x) — (xii) for alite and belite.

Repeat steps (x) — (xii) for aluminate and ferrite.

Refine the W parameter for the next most abundant phase.

(xxviii) Refine the V parameter.

(xxix)

(xxx)

(xxxi)

(xxxii)

Refine the U parameter.

Uncheck the W, V, U parameters for the refined phase and repeat steps (xxvii) -
(xxix) for the remaining phases.

If the weight percentage of one of the phases is between 5-20 wt.%, visually
observe the strong peak(s) of this phase. If, during refinement of one of the
parameters, the value of this parameter increases dramatically and the shape of the
calculated profile broadens beyond the collected profile, undo this refinement step
and limit the Set Value Range (%) for the W parameter in the Object Inspector
pane. This may be repeated several times until good agreement between the
simulated and the collected pattern is observed. This should be done during V and
U refinement as well.

For phases present in amounts of approximately 1-5%, only refine the W parameter.
However, if a strong, non-overlapped peak of this minor phase can be clearly
observed in the collected pattern, V and U parameters can be refined as well with

visual observation.

(xxxiii) For phases present in amounts below 1%, refinement of W, V, U and preferred

orientation parameters can be omitted.
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6.3 Results and Discussion

In studying the minor phases in PLCs, scans of the extracted cement residue, as well as the
scans of the accompanying limestones were used [1], [2] [3]-[6]. The literature indicates that the

most commonly reported phases in limestone are: calcite, quartz, dolomite, mica, illite, microcline,

muscovite, kaolinite, hematite, clinochlore, cristobalite, dolomite, siderite, and pyrite [3]-[6].

Typically, limestone blended with portland cements usually contains more than 75 wt.%
calcite and less than 1 wt.% clay [7]. The chemical formulae, and the PDF and ICSD codes of the

most predominant limestone crystalline phases are presented in Table 6-1 [3]-[6].

Table 6-1: Limestone Common Minerals

Phase Formula Crystal System | PDF codes ICSD
Code
Calcite Ca(C0:s3) Rhombohedral | 01-086-0174 | 80869
Dolomite CaMg(CO:s3)2 Rhombohedral | 01-075-1711 | 31277
Siderite Fe(CO3) Trigonal 01-080-0502 | 68298
Smithsonite Zn(CO3) Trigonal 01-083-1765 | 100679
Strontianite Cr(COs) Orthorhombic | 01-074-1491 | 27293
Malachite Cu2(OH)2(CO3) Monoclinic 01-075-1163 | 30609
Anhydrite CaS04 Orthorhombic | 01-086-2270 | 40043
Barite BaSO4 Orthorhombic | 01-072-1378 | 16904
Quartz SiO2 Rhombohedral | 00-046-1045 | 41414
Cristobalite SiO» Tetragonal 01-071-0785 | 9327
Hematite Fe203 Trigonal 01-087-1166 | 82904
Spinel Al2MgO4 Cubic 01-073-6120 | 22354
Willemite Zny(Si04) Tetragonal 01-070-2488 | 9147
Wollastonite | Ca(SiO3) Monoclinic 01-072-2297 | 20589
Diopside CaMgSi20s Monoclinic 01-071-1067 | 9672
Clinochlore Mgs(Si4O10)(OH)s Triclinic 01-073-2376 | 24950
Ilite K(Al4Si209(0OH)3) Monoclinic 01-070-3754 | 90144
Kaolinite Al>(Si205)(0OH)4 Triclinic 01-075-1593 | 31135
Mica KFe3(Alo.24Fe0.76Si3)O10(OH)2 | Monoclinic 01-073-9317 | 59843
Microcline K(AISiz0s) Triclinic 01-071-0955 | 9542
Muscovite KAI((SizAl)O10(OH)z2) Monoclinic 01-077-2255 | 60569
Fluorite CaF Cubic 01-075-0363 | 29008
Marcasite FeS2 Orthorhombic | 01-089-2089 | 42726
Pyrite FeS> Triclinic 01-071-1680 | 10422
Sphalerite ZnS Cubic 01-071-5976 | 77090
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The structures used in the Rietveld refinement of limestones are indicated by the bold letters in
Table 6-1.

For the crystalline and the amorphous/unidentified content determinations, as-received

PLCs and limestone were each mixed with 20 wt.% of corundum as an internal-standard material

[5], [8]-[12].

6.3.1 Limestone

6.3.1.1 L1

The phase search and match procedure and the Rietveld refinement analysis showed the
presence of the following three crystalline phases in L1 limestone: calcite, quartz, and siderite. The
weight fraction of the major crystalline phase, calcite, was about 98 wt.%. The amorphous/
unidentified content in L1 was less than 1 wt.%. The crystalline and amorphous/ unidentified

contents in L1 are shown in Table 6-2.

Table 6-2: Mineralogical Analysis of L1 Limestone

6.3.1.2 L2

Wt. (%)
P1-S1 | P2-S1 | P3-S1 | AVERAGE
Phase (STDEV)
Calcite 979 1982 |983 |98.1(0.2)
Quartz 0.7 0.7 0.7 0.7 (0.0)
Siderite 0.4 0.4 0.4 0.4 (0.0)
A/uC 1.0 0.7 0.6 0.8 (0.2)

The phase search and match procedure and the Rietveld refinement analysis showed that
the L2 contains only two crystalline phases: calcite and quartz. The weight fraction of calcite was
about 96 wt.%. The L2 has a higher amorphous/unidentified content, of about 4 wt.%. Phase

analysis of L2 is shown in Table 6-3.
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Table 6-3: Mineralogical Analysis of L2 Limestone

Wt. (%)
P1-S1 | P2-S1 | P3-S1 | AVERAGE
Phase (STDEV)
Calcite 954 |95.7 [97.0 |96.0(0.9)
Quartz 0.3 0.3 0.3 0.3(0.0)
A/uC 4.4 4.1 2.7 3.7 (0.9)

6.3.1.3 L3

The phase search and match procedure and Rietveld refinement showed the presence of the
following four crystalline phases in L3 limestone: calcite, quartz, dolomite, and diopside. L3 had
the lowest calcite content, about 82 wt.%. The amorphous/unidentified content in L3 was about 3
wt.% (see Table 6-4).

Table 6-4: Mineralogical Analysis of L3 Limestone

W (%)
P1-S1 | P2-S1 | P3-S1 | AVERAGE
Phase (STDEV)
Calcite 81.6 |819 |820 |818(0.2)
Quartz 2.5 2.6 2.6 2.6 (0.1)

Dolomite | 11.3 | 115 |11.4 |11.4(0.1)
Diopside 17 |17 |15 |1.6(0.1)
AluC 30 |23 |26 |26(04)

6.3.2 Portland-Limestone Cements
6.3.2.1 PCL1 Cement

The phase search and match procedure and the Rietveld refinement showed the presence
of the following minor phases in PCL1 cement: portlandite, quartz, hemihydrate, and syngenite.
The weight fractions of portlandite, quartz and hemihydrate were less than 1 wt.%, while the
weight fraction of syngenite was about 1.4 wt.%. The weight fractions of calcite and gypsum in
the cement, which come from grinding of the portland cement clinker with limestone and gypsum,
were about 11 wt.% and 3.5 - 4.0 wt.%, respectively. The amorphous/unidentified content in PCL1
cement was about 10 wt.%. The amount of ferrite (almost 10 wt.%) was about three times that of
the aluminate (about 3 wt.%), as can be seen in Table 6-5. The last column in Table 6-5, shows
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the weight fractions of phases in the crystalline part of the cement; that is, without consideration

of the amorphous content.

Table 6-5: Analyses of PCL1 Cement

Wt. (%)
P1-S1 | P2-S1 | P3-S1 | AVERAGE AVERAGE(c)

(STDEV) (STDEV)
Alite 36.5 | 354 35.6 35.8 (0.6) 39.9 (0.5)
Belite 23.8 | 23.7 23.5 23.7 (0.2) 26.3 (0.1)
Aluminate 3.0 2.8 2.9 2.9 (0.1) 3.2(0.1)
Ferrite 9.9 9.8 9.5 9.7 (0.2) 10.8 (0.2)
Portlandite 0.3 0.4 0.5 0.4 (0.1) 0.4 (0.1)
Syngenite 1.4 1.4 1.3 1.4 (0.1) 1.5).1)
Quartz 0.6 0.5 0.5 0.5(0.1) 0.6 (0.1)
Calcite 10.7 11.4 11.2 11.1 (0.4) 12.4 (0.5)
Gypsum 3.8 3.7 3.7 3.7(0.1) 4.2 (0.0)
Hemihydrate | 0.6 0.7 0.6 0.6 (0.1) 0.7 (0.1)
AluC 9.6 10.3 10.6 10.2 (0.5) -

6.3.2.2 PCL3 Cement

The phase search and match procedure and the Rietveld refinement analysis showed the
presence of the following minor phases in PCL3: portlandite, arcanite, syngenite, potassium
calcium sulfate, quartz, and diopside. The amounts of these phases were less than 1 wt.%. The
calcite content was about 10 wt.%, and together with dolomite and diopside, corresponded to about
16 - 17 wt.% of limestone ground with the portland cement clinker. The total amount of gypsum
and hemihydrate in the cement, stemming from the grinding of the clinker with gypsum, was about
2 wt.%. The alite content was over 3.5 times that of belite, 12 wt.% to 42 wt.%, respectively. In
contrast to the other cements, the aluminate content was rather close to that of the ferrite, about
6.5 wt.% and 7 wt.%, respectively. The amorphous/unidentified content in PCL3 cement was about
8 - 9 wt.%. The crystalline and amorphous/unidentified contents for PCL3 cement are presented
in Table 6-6.
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6.4

Table 6-6: Analyses of PCL3 Cement

Wt. (%)
P1-S1 | P2-S1 | P3-S1 | AVERAGE AVERAGE(c)

(STDEV) (STDEV)
Alite 417 | 432 | 422 42.4 (0.8) 46.4 (0.5)
Belite 11.9 124 | 12.0 12.1(0.3) 13.2 (0.2)
Aluminate 6.1 6.5 6.2 6.3 (0.2) 6.9 (0.2)
Ferrite 6.6 7.1 7.1 6.9 (0.3) 7.6 (0.2)
Periclase 1.4 1.6 1.5 1.5(0.1) 1.6 (0.1)
Portlandite 0.1 0.1 0.1 0.1 (0.0) 0.1 (0.0)
Arcanite 0.6 0.6 0.6 0.6 (0.0) 0.7 (0.0)
Syngenite 0.7 0.6 0.8 0.7 (0.1) 0.8 (0.1)
K-Ca Sulfate 0.3 0.2 0.1 0.2 (0.1) 0.2 (0.1)
Quartz 0.1 0.1 0.1 0.1 (0.0) 0.1 (0.0)
Calcite 10.6 9.6 10.6 10.3 (0.6) 11.2 (0.7)
Dolomite 5.8 5.8 5.7 5.8 (0.1) 6.3 (0.1)
Diopside 0.4 0.4 0.5 0.4 (0.1) 0.5(0.1)
Gypsum 1.2 1.0 1.3 1.2 (0.2) 1.3(0.2)
Hemihydrate 0.8 0.8 0.9 0.8 (0.1) 0.9 (0.1)
Anhydrite 1.8 1.9 2.0 1.9 (0.1) 2.1(0.1)
A/uC 9.8 8.0 8.1 8.6 (1.0) -

Conclusions

(1) The limestones studied here were collected from different cement producers in the
state of Florida. Phase analyses indicated that the limestones contained up to four
crystalline phases. All limestones contained calcite as a major phase and quartz as
a minor phase;

(i) The calcite content in limestones varied from about 80 wt.% to 98 wt.%, while the
amount of the amorphous/unidentified content varied from about 1 wt.% to 4 wt.%;

(ili)  The weight fractions of the limestone and gypsum ground with the clinkers to
produce the cements, were about 11 - 17 wt.% and 2 — 4 wt.%, respectively;

(iv)  The amount of amorphous/unidentified content in the investigated portland
cements-limestone blends varied from about 8 wt.% to about 11 wt.%;

(V) Quantification of calcite content in portland cement-limestone blends can be

conducted with accuracy using x-ray diffraction coupled with Rietveld analysis.
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Chapter 7.  Supplementary Cementitious Materials
7.1 Introduction

In this chapter, the mineralogical and chemical analyses of the supplementary cementitious
materials, class F fly ash and slag (ground granulated blast furnace slag), will be conducted and
the protocol used for accurately determining their crystalline and amorphous content will be
established.

Class F fly ash and ground granulated blast furnace slag are pozzolans that are traditionally
blended with ordinary portland cement to enhance concrete fresh and hardened properties in
addition to improving durability and service life of structural elements [1], [2]. To provide the
required performance, the accurate characterization and quantification of the materials used is
critical. In predicting the performance of blended cements, phase analysis and amorphous content
quantification renders valuable information on the reactivity and effectiveness of the pozzolanic
reaction, the strength evolution, and different durability aspects. It is therefore important to
conduct phase analyses on SCMs to help understand and predict the properties of the blended
cementitious system. Several authors reported on the mineralogical analysis of fly ash [3]-[7] and
slag [4], [5]. Depending on the class, fly ash can contain several crystalline phases, such as
hematite, anhydrite, magnetite, lime, periclase, melilite, merwinite, tricalcium aluminate,
ye'elimite, mullite, and quartz, with a typical amorphous content of 60 — 90 weight percent (wt.%),
[3]-[5]. The main crystalline phases in slag cements are akermanite, gehlenite, melilite, merwinite,
and quartz, with an amorphous content of about 65 — 98 wt.% [4], [5]. The mineralogical analyses
of cementitious materials, from the approved list of supplementary cementitious materials of the
Florida Department of Transportation, will be reported here, and the protocols established for the

analyses of SCMs will be provided for future adoption.
7.2 Methodology and Analysis Protocol

The following commonly used and approved pozzolans in the state of Florida were selected
to conduct mineralogical and chemical oxide analyses and are designated: FAL fly ash, SL1 and
SL2 slag. For the mineralogical analyses of the SCMs, the following mixtures were selected: 80
wt.% FAL + 20 wt.% SRM 676a corundum, 90 wt.% SL1 + 10 wt.% SRM 676a corundum and 90
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wt.% SL2 + 10 wt.% SRM 676a corundum. The specific amount of the internal standard, SRM
676a corundum, used in the mixtures was selected according to Westphal et al. [8]. They indicated
that about 20 wt.% of internal standard material is optimum when the amorphous content in the
investigated material is about 70 wt.%, and about 10 wt.% of internal standard when the amorphous

content is more than 90 wt.%.

The sample preparation, x-ray data collection and Rietveld refinement analysis of SCMs
were conducted according to the methodologies previously described in Chapter 2. The search and
match procedures [9], [10] were used to identify the crystalline phases commonly present in Class
F fly ash and ground granulated blast furnace slag. Typical minerals present in SCMs studied here
are presented in Table 7-1 and Table 7-2 , [3-5], [10].

Table 7-1: Fly Ash Common Minerals

Phase Formula PDF codes ICSD
Code
Mullite AlsSiOs 01-073-1389 | 23867
Aluminate CazAl206 01-070-0839 1841
CassNaAlsO1s 01-083-1359 | 100220
CagsNaAlsO1s 00-032-0150 1880
Casg2sNaisAle01s 01-083-1360 | 100221
Yeelimite CasAlsSO16 00-042-1478 | 80361
CasAleSO1s6 01-071-0969 9560
Melilite Cas (AlsM@1Sis) O | 00-004-0689 | 158173
Casg (AlsMg2Sie) O2s | 00-004-0683 | 158174
Cag(AloMgsSi7)O2s | 00-004-0682 | 158175
Merwinite CasMg(SiOa). 01-089-2432 | 43078
Lime CaO 01-071-4121 52783
CaO 00-043-1001 | 75785
Anhydrite CaSOq4 01-086-2270 | 40043
Anhydrite-I11 CaSOq4 01-073-1942 | 24473
Anhydrite-II CaSOq4 01-072-0916 | 16382
Quartz SiO2 00-046-1045 | 41414
SiO; 01-083-2465 | 200721
Periclase MgO 01-071-1176 9863
MgO 00-045-0946 | 104844
Hematite Fe20s3 01-087-1166 82904
Magnetite FesOa 01-077-1545 | 49549

89




The structures used in the Rietveld refinement of slags are indicated by the bold letters.

Table 7-2: Slag Common Minerals

Phase Formula PDF codes ICSD Code
Gehlenite CaAlzSiOr 01-089-5917 87144
Melilite Cas (AlsMQ1Sis) O2s 00-004-0689 158173
Cas (AlaMg2Sis) O2s 00-004-0683 158174
Cas(Al2MgsSiz)Ozs 00-004-0682 158175
Akermanite Ca,Mg(Si»07) 00-035-0592 158177
Merwinite CasMg(SiOa). 01-089-2432 43078
Calcite CaCOs3 01-086-0174 80869
CaCOs 01-083-0577 79673
Quartz SiO? 00-046-1045 41414
SiO2 01-083-2465 200721
Hematite Fe O3 01-087-1166 82904
Magnetite FesO4 01-077-1545 49549

7.3 Rietveld Refinement Procedures

For materials with high amorphous content, the Chebyshev polynomial [11]-[17] with a
relatively high number of refined coefficients should be used in Rietveld refinement. Analysis of
the background refinement showed that for fly ash with approximately 70 wt.% of amorphous
content, the 20-coefficient Chebyshev polynomial gave a good background fit, while for slag,
where the amorphous content was more than 90 wt.%, the number of coefficients was increased to
23. It was observed that better fitting of the slag crystalline phase parameters can be obtained
when slag is first analyzed without an internal standard. In the case of fly ash, refinement can be

started directly from the mixture of as-received fly ash with internal standard. The refinement

procedure for slag and fly ash is outlined below.

(i)

(i)

(iii)

Insert crystal structures from a database for the phases identified in the SCM during
the Search and Match procedure. For SCM mixtures with internal standard, add a

crystal structure for the internal standard as well.

Select Chebyshev | polynomial for the Background Method on the background

Object Inspector pane. Click the option Use Extended Background Terms to

expand the number of Chebyshev polynomial coefficients from 6 to 23.

Refine the flat background.
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(iv)
(v)
(vi)

(vii)

(viii)

(ix)

(xi)

(xit)
(xiii)
(xiv)

(xxiit)

Refine scale factors for all phases.
Refine zero shift.
Refine Chebyshev | polynomial coefficients. The number of Chebyshev
coefficients depends on amorphous content in the SCM. The number of
background coefficients should be selected to obtain good fitting of the SCM
amorphous hump. However, it was observed that the number of coefficients can
vary by 1-2 coefficients without a significant effect on the quantification results.
Refine lattice parameters of phases. This step should be accompanied by visual
observation of peak positions, as peak positions of some phases may shift compared
to the collected pattern since all phases in SCMs are present in relatively low
quantities. If the peak shift is observed for some phases, the lattice parameters for
these phases should be excluded from the refinement in this step and can be refined
individually.
Successive refinement should be carried out for the phases with the largest phase
content to the smallest. When refinement is performed for an SCM with internal
standard, the internal standard phase parameters W, V, and U should be refined last.
Refine the W parameter. This should be accompanied by visual observation of the
peak shapes. If peak broadening beyond the collected pattern is observed, undo
this refinement step and limit the Set Value Range (%) for the W parameter in the
Object Inspector pane. This may be repeated several times until good agreement
between the simulated and the collected pattern is observed. This should be done
during V and U refinement as well.
Refine the V parameter.
Refine the U parameter.
Refine preferred orientation if necessary.
Uncheck the W, V, U, and preferred orientation parameters for the refined phase.
Repeat steps (ix) — (xiii) for the next most dominant phase.
After refinement of the internal standard, open the Object Inspector pane for the
internal standard phase, and enter the actual crystalline content of the internal
standard under Standard Weight Percentage in order to calculate
amorphous/unidentified content. If the wt.% of internal standard is displayed with
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the rest of the phases in the Analyze View, select Program Settings from the
Customize menu, select Fitting/Rietveld tab and change the Show Weight
Percentages drop-down menu to As Received. The program will then recalculate
the wt.% for the as-received material without the internal standard and the internal
standard phase will no longer be visible in the Analyze View.
(xv)  Uncheck all refined parameters for all phases and save the refined structures as a
.cry file.
(xvi)  After analyzing as-received slag without an internal standard, analyze the slag with
internal standard by repeating steps (i) — (xv), except in step (i) the refined structures

obtained for the as-received slag should be used instead of the database structures.
7.4  Results and Discussion
7.4.1 Mineralogical Analyses of Fly Ash and Slag

The phase search and match procedure and the Rietveld analyses identified the presence of the
following crystalline phases in FA1: mullite, quartz, magnetite, periclase, hematite, anhydrite, and
free lime. The major crystalline phases are mullite and quartz. The amorphous/unidentified content
in FA1 was about 74 wt.%. The details of the crystalline and amorphous/unidentified content in
FA1 are presented in Table 7-3.

Table 7-3: Mineralogical Analyses of FA1

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE (STDEV)
Mullite 176 | 17.9 17.6 17.7 (0.2)
Quartz 6.3 6.0 6.1 6.1 (0.2)
Magnetite 0.6 0.6 0.6 0.6 (0.0)
Periclase 0.5 0.6 0.6 0.6 (0.1)
Hematite 0.6 0.6 0.6 0.6 (0.0)
Anhydrite 0.3 0.2 0.2 0.2 (0.1)
Lime 0.1 0.1 0.1 0.1 (0.0)
A/uC 739 | 74.0 74.1 74.0 (0.1)
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Quantitative x-ray analysis identified the presence of fewer crystalline phases in slags
compared to fly ash. Table 7-4 shows that for SL1, the crystalline phases present in minor amounts
are: melilite, quartz and calcite. The analysis indicates that the amorphous/unidentified content in
SL1 is high, about 99 wt.%. However, for SL2 an additional phase, magnetite, was present as
indicated in Table 7-5. The major crystalline phase of the SL2 is calcite at about 2 - 2.5 wt.%. The

amorphous/unidentified content in SL2 is about 2 wt.% lower than that in the SL1.

Table 7-4: Mineralogical Analysis of SL1

Wt. (%)

Melilite | 1.0 0.9 1.0 1.0(0.1)
Quartz 0.1 0.1 0.1 0.1 (0.0)
Calcite 0.4 0.3 0.3 0.3 (0.1)
AluC 98.5 98.7 98.6 98.6 (0.1)

Table 7-5: Mineralogical Analysis of SL2

W, (%)
Phase | 151 | p2-s1 | Pa-s1 | Average (STDEV)
Melilite | 05 | 04 | 05 05 (0.1)
Quartz 03 | 02 | 03 0.3(0.1)
Calcite | 22 | 23 | 22 2.2(0.1)
Magnetite | 0.1 0.2 0.2 0.2 (0.1)
AIUC 969 | 970 | 969 96.9 (0.1)

7.5  Elemental Oxide Analyses of SCMs

Elemental oxide composition determined using x-ray fluorescence (XRF) analyses for the
supplementary materials studied here are presented in Table 7-6 through Table 7-8. The
distribution of the elemental oxides in the crystalline or amorphous content of fly ash was

determined using x-ray diffraction analysis, the chemical formulas of the crystalline phases, and
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the molar weights of the crystalline phases and elemental oxides. The last two columns in the
presented data show the oxide distribution in the crystalline (Wcry) and amorphous (Wam)
constituents of the supplementary material. The results indicate that for FAL, the major elemental
oxide is silica, of which 20% is contained in the crystalline material, while 80% is present in the
amorphous material. However, alumina and magnesia appear to be equally distributed in the
amorphous and crystalline form. The remaining major oxides, CaO and Fe>O3, were predominately
distributed in the amorphous phase. All other oxides did not show a distinctive presence in the
crystalline phases, but that does not preclude their presence as impurity oxides. The results
depicted in Table 7-6 indicate the predominance of silica and alumina in the amorphous content,
along with some lime, iron oxide, and magnesia. This indicates that the glass content in this fly
ash is predominately aluminosilicate, calcium aluminosilicate, or a combination of both with some

presence of magnesia.

Table 7-6: Elemental Oxide Distribution in FA1

Oxide |Wxre® [Wcry@ | Wam®
(Wt.%) | (wt.%) | (wt.%)
SiOz 51.51 10.21 41.30
Al,Os | 26.97 13.29 13.68
Fe203 5.05 1.43 3.62
CaO 5.91 0.24 5.67
MgO 2.13 0.67 1.46
SOs 0.55 0.16 0.39
Na.O 0.5 0.00 0.50
K20 1.35 0.00 1.35
TiO2 1.39 0.00 1.39

P20s 0.83 0.00 0.83
Mn2Os | 0.06 0.00 0.06
SrO 0.04 0.00 0.04
Cr03 | 0.03 0.00 0.03
Zn0O 0.06 0.00 0.06
BaO 0.2 0.00 0.20

LOI 2.82 0.00 2.82

The elemental oxide analysis for SL1 indicates the presence of the following major oxides:
lime, silica, alumina, and magnesia. Most of the oxides are present in the amorphous form as

indicated by the high amorphous content in SL1 shown in Table 7-7. The amorphous content of
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SL1 was predominately calcium aluminosilicate with some magnesia. Similarto SL1, SL2 had an
abundance of silica, lime, magnesia and alumina as shown in Table 7-8. However, it is interesting
to note that silica was higher than lime in the SL2, and magnesia was substantially higher in the
SL2 compared to the SL1. The latter is almost 3 times higher than in SL1, while the alumina
content is substantially lower in SL2 compared to SL1. Alumina content of the slag has been
identified as potentially detrimental to performance of cementitious systems exposed, during their

service life, to an aggressive sulfate environment.

Table 7-7: Elemental Oxide Distribution in SL1

Oxides | Wxrr (Wt.%) | Wery (Wt.%) Wam (Wt.%))
SiO, 34.81 0.41 34.40
AlO3 14.4 0.16 14.24
Fe203 0.44 0.00 0.44
CaO 42.87 0.59 42.28
MgO 4.57 0.07 4.50
SOs 13 0.00 1.30
Na;O 0.2 0.00 0.20
K20 0.35 0.00 0.35
TiO2 0.54 0.00 0.54
P205 0.01 0.00 0.01
Mn20s 0.19 0.00 0.19
Sro 0.03 0.00 0.03
Cr,03 0.01 0.00 0.01
Zn0 0.06 0.00 0.06
BaO 0.07 0.00 0.07
LOI 0.15 0.15 0.00
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Table 7-8: Elemental Oxide Distribution in SL2

Oxides Wixrr (Wt.%) Wery (Wt.%) Wam (Wt.%)
SiOz 39.84 0.38 39.46
Al,O3 7.28 0.06 7.22
Fe203 0.32 0.10 0.22
Ca0 35.53 1.50 34.03
MgO 12.05 0.03 12.02
SOs 0.98 0.00 0.98
Na;O 0.13 0.00 0.13
K20 0.4 0.00 0.40
TiO2 0.28 0.00 0.28
P20s 0.01 0.00 0.01
Mn20s 0.48 0.00 0.48
Sro 0.03 0.00 0.03
Cr,03 0.01 0.00 0.01
Zn0 0.05 0.00 0.05
BaO 0.04 0.00 0.04
LOI 2.51 1.07 1.44

7.6 Conclusions

(i) The findings indicate the presence of a higher crystalline phase content in
fly ash compared to the slags.

(if) While the amorphous content of the two analyzed slags was similar, their
oxide constituents were substantially different. This indicates the
importance and significance of characterizing supplementary materials
through x-ray fluorescence and quantitative x-ray diffraction for proper

prediction of cementitious systems performance and durability.
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Chapter 8.  Characterization of Portland Cement-SCM Binary Systems
8.1 Introduction

One of the main objective of this research is to quantify and characterize the SCM content
in commercially blended cements. Based on the previous findings of the study, x-ray diffraction
coupled with Rietveld refinement was adopted for the quantification of the SCM content in
blended system. First, the analysis was conducted on laboratory-prepared binary mixtures of
known proportions of portland cements with slag and portland cement with fly ash. A new
approach using a modified PONKCS method was developed to determine the contribution of
SCMs to the total amorphous content in the system. The procedure was established on laboratory-
prepared mixtures and then tested on commercially-blended cement-slag and cement-fly ash
systems. A total of three commercial blends were studied here; namely, PC1-1P (cement-fly ash),
PC1-1S (cement-slag) and PC3-1S (cement-slag). The modified PONKCS approach was
successful in quantifying the SCM content in commercially blended systems, in addition to
determining the individual amorphous contribution of each SCM to the total

amorphous/unidentified content of the blended system.

Class F fly ash and ground granulated blast furnace slag (slag) SCMs are materials that
are traditionally blended with portland cements to enhance concrete durability [1], [2]. To provide
the required performance, the accurate quantification of SCM content in the mixture is important.
The main difficulty of such quantification is the fact that SCMs are largely amorphous in nature
with about 60 — 90 wt.% amorphous content in fly ash [3]-[5] and 65 — 98 wt.% amorphous content
in slags [4], [5]. Therefore, an accurate quantification of the amorphous content in each SCM
material is necessary. Scarlet and Madsen developed a method for the quantification of phases
with partial or no known crystal structure, referred to as the PONKCS method [6]. The PONKCS
method was adopted here for the direct determination of the amorphous content in the blended
mixtures [7], [8].

The intensity contribution of PONKCS amorphous (or crystalline) phases to the sample
diffraction pattern can be characterized by empirical structure factors that can be calculated via
Pawley [9] or Le Bail et al. [10] curve-fitting methods. In the procedure, the ZMV calibration

constants [11] must be first empirically determined [6], [12]. Here, Z, M, and V are the number of
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formula units per unit cell, the mass of the formula unit, and the unit-cell volume for each phase,
respectively. This can be achieved by using the internal-standard method for the respective
amorphous or crystalline phase [6], [12]. Once determined, the calibration constant can then be
used in the Rietveld refinement of the PONKCS (amorphous or crystalline) phase.

The direct determination of the amorphous content by the PONKCS method was conducted
by Madsen et al. [7] using crystalline quartz — amorphous silica flour mixtures and Snellings et al.
[8] in the mixture of portland cement — amorphous slag and metakaolin mixtures. In their research,
the precision and accuracy of the amorphous phase determination were within several weight
percent. The authors mainly gave general descriptions of the developed approaches without details
of refinement, which can significantly affect the quantification of the amorphous phase content.
Therefore, further development of the PONKCS method for amorphous phase determination, with
higher precision and accuracy, is of importance.

8.2 Materials

To distinguish between laboratory-mixed cementitious materials and commercial blended
cementitious systems, the following terminology was used throughout this chapter: samples
formulated by mixing cement with an SCM in our laboratory are referred to as mixtures or mixed
materials, whereas the commercial blended cement is referred to as blends, blended materials, or

blended cements.

The following cements and SCMs were used to prepare laboratory mixtures: PC1 and FAL,
PC1 and SL1, and PC3 and SL2. These as-received materials are the components used in
manufacturing of the commercially blended systems studied here: PC1-1P (30) blended cement
(cement-fly ash), PC1-1S (30) blended cement (cement-slag), and PC3-1S (20) blended cement
(cement-slag). For phase analyses and the determination of the weight fractions of the crystalline
phases and amorphous contents in SCMs, the following mixtures were selected: 80 wt.% FAL +
20 wt.% SRM 676a corundum, 90 wt.% SL1 + 10 wt.% SRM 676a corundum, and 90 wt.% SL2
+ 10 wt.% SRM 676a corundum. The amount of the internal-standard SRM 676a corundum was
chosen according to the recommendations of Westphal et al. [13]: about 20 wt.% of internal-
standard material should be used when the amorphous content in the investigated material is about
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70 wt.%, and about 10 wt.% of internal-standard material should be used when the amorphous

content in the investigated material is more than 90 wt.%.

In order to assess the procedures for the quantification of the SCM constituents in blended

portland cement systems, sixteen laboratory mixtures were prepared. They are:

- PC1 - FA1 Mixtures:

(1) 5% FAL + 95% PC1 (labelled 5FA1-PC1);
(i) 10% FAL + 90% PC1 (labelled 10FA1-PC1);
(iii))  20% FAL + 80% PC1 (labelled 20FA1-PC1);
(iv)  30% FA1 + 70% PC1 (labelled 30FA1-PC1) ;

- PC1-SL1 Mixtures:

(v) 5% SL1+ 95% PC1 (labelled 5SL1-PC1);

(vi)  10% SL1 + 90% PC1 (labelled 10SL1-PC1) ;
(Vi) 20% SL1 + 80% PC1 (labelled 20SL1-PC1);
(viii) 30% SL1 + 70% PC1 (labelled 30SL1-PC1);
(ix)  50% SL1 +50% PC1 (labelled 50SL1-PC1);
(x)  70% SL1+ 30% PC1 (labelled 70SL1-PC1);

- PC3-SL2 Mixtures:

(xi) 5% SL2 + 95% PC3 (labelled 5SL2-PC3);

(xii)  10% SL2 + 90% PC3 (labelled 10SL2-PC3) ;
(xiii) 20% SL2 + 80% PC3 (labelled 20SL2-PC3);
(xiv) 30% SL2 + 70% PC3 (labelled 30SL2-PC3);
(xv)  50% SL2 + 50% PC3 (labelled 50SL2-PC3);
(xvi)  70% SL2 + 30% PC3 (labelled 70SL2-PC3);

To determine the amorphous content by the internal-standard PONKCS method, the above
materials were mixed with 20% of the standard SRM 676a corundum. The same amount of

corundum was used in studying the blended commercial systems.
8.3  Methodology

A detailed study was conducted using a modified PONKCS method on SCMs and their mixtures
as well as blended portland cements. The technique developed here uses a strict order of
parameter refinement. The use of an external standard was not attempted; however, it is expected
that the method could be adapted for use with an external standard. The modified method
developed for this investigation is called the Iterative Rietveld-PONKCS technique. The as-
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received SCMs, cements, and blended cements were each mixed with an internal-standard material
(corundum). This allows the amorphous contribution of SCM to be separated from the

amorphous/unidentified content in cement.

The Iterative Rietveld-PONKCS technique used for analysis of blended cements and laboratory-

prepared mixtures can be divided into three steps:

1. Rietveld analysis of as-received materials (SCMs, unblended cements, if any, and
blended cements) to determine their crystalline phase content. The refined crystal
structure parameters obtained in this step are fixed in the following steps to reduce the
number of refined parameters, thus simplifying the refinement.

2. Refinement of a PONKCS pseudo-structure for the amorphous phase present in the
unblended SCM.

3. Refinement of the blended cements or laboratory-prepared mixtures with the refined
PONKCS pseudo-structure to determine the SCM content.

8.3.1 Step 1: Rietveld Refinement of As-Received Materials

8.3.1.1 Refinement of SCMs

The crystalline phase content of the two SCMs investigated in this study was significantly
different, with slag having approximately 1-3 wt.% of crystalline material, while Class F fly ash
crystalline content was approximately 26 wt.%. It was observed that better fitting of the slag
crystalline phase parameters can be obtained when slag is first analyzed without an internal
standard. In the case of fly ash, refinement can be started directly from the mixture of as-received

fly ash with internal standard.

(1) Insert crystal structures from a database for the phases identified in the SCM during
the Search and Match procedure. For SCM mixtures with internal standard, add a
crystal structure for the internal standard as well.

(i)  Select Chebyshev I polynomial for the Background Method on the background
object inspector pane. Click the option Use Extended Background Terms to
expand the number of Chebyshev polynomial coefficients from 5 to 23.

(iii)  Refine the flat background.
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(iv)
(v)
(vi)

(vii)

(viii)

(ix)

)
(xi)
(xii)

(xiii)

(xiv)

Refine scale factors for all phases.

Refine zero shift.

Refine Chebyshev | polynomial coefficients. The number of Chebyshev
coefficients depends on amorphous content in the SCM. For example, 23
coefficients were used for slag refinement, while 20 coefficients were used for fly
ash. The number of background coefficients should be selected to obtain good
fitting of the SCM amorphous hump. However, it was observed that the number of
coefficients can vary by 1-2 coefficients without a significant effect on the
quantification results.

Refine lattice parameters of phases. This step should be accompanied by visual
observation of peak positions, as peak positions of some phases may shift compared
to the collected pattern since all phases in SCMs are present in relatively low
quantities. If the peak shift is observed for some phases, the lattice parameters for
these phases should be excluded from the refinement in this step and can be refined
individually.

Successive refinement should be carried out for the phases with the largest content
to the smallest. When refinement is performed for an SCM with internal standard,
the internal standard phase parameters W, V, U should be refined last.

Refine the W parameter. This should be accompanied by visual observation of the
peak shapes. If peak broadening beyond the collected pattern is observed, undo
this refinement step and limit the Set Value Range (%) for the W parameter in the
Object Inspector pane. This may be repeated several times until good agreement
between the simulated and the collected pattern is observed. This should be done
during V and U refinement as well.

Refine the V parameter.

Refine the U parameter.

Refine preferred orientation if necessary. Care should be taken to enter the correct
hkl value for the direction of the preferred orientation in the Object Inspector pane.
Uncheck the W, V, U and preferred orientation parameters for the refined phase.

Repeat steps (ix) — (xiii) for the next most dominant phase.

103



(xv)  After refinement of the internal standard, open the Object Inspector pane for the
internal standard phase, and enter the actual crystalline content of the internal
standard under Standard Weight Percentage in order to calculate
amorphous/unidentified content. If the wt.% of internal standard is displayed with
the rest of the phases in the Analyze View, select Program Settings from the
Customize menu, select Fitting/Rietveld tab and change the Show Weight
Percentages drop-down menu to As Received. The program will then recalculate
the wt.% for the as-received material without the internal standard and the internal
standard phase will no longer be visible in the Analyze View.

(xvi)  Uncheck all refined parameters for all phases and save the refined structures as a

.cry file.

(xvii) After analyzing as-received slag without an internal standard, analyze the slag with
internal standard by repeating steps (i) — (xv), except in step (i) the refined structures

obtained for the as-received slag should be used instead of the database structures.
8.3.1.2 Refinement of As-Received OPC and Blended Cement

Both OPC and blended cements contain a number of phases that suffer from peak overlap
as well as minor phases present in small quantities. In order to aid identification of the minor
phases and selection of the appropriate crystal structure for the overlapped phases, it is
recommended to perform selective dissolutions. In this study, KOSH and SAM extractions were
used to refine crystal structures of silicates, aluminates, ferrites, and minor phases, which were
then used in the refinement of the as-received cements. Since OPC samples were used to prepare
the laboratory mixtures with various amounts of SCMs, they were analyzed in this step without an
internal standard. However, since no additional SCMs were added to commercial blended
cements, they were analyzed with an internal standard.

8.3.1.2.1. Refinement of the SAM and KOSH Extraction Residues

(xxiv)  Insert crystal structures from a database for the phases identified in the SCM
during the Search and Match procedure.
(xxv)  For refinement of extraction residues of OPC, polynomial was selected as the
profile function in the background Object Inspector pane. For blended cements,
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(xxvi)
(xxvii)
(xxviii)

(xxix)

(xxx)

(xxxi)

(xxxii)

(xxxiii)
(xxxiv)
(xxxv)

(xxxvi)

(xxxvii)

Chebyshev | was selected as the profile function due to higher amorphous content
in blended cements.

Refine the flat background.

Refine scale factors for all phases.

Refine zero shift.

For OPC, refine background coefficients 1-4. For blended cements, refine
Chebyshev | polynomial coefficients. A sufficient number of refined Chebyshev
coefficients should be selected in order to obtain a good agreement between the
fitted and collected background. It was observed that for refinement of blended
cement containing fly ash, refinement of coefficients 1-8 provided a good fit,
while for blended cements containing slag it was necessary to refine coefficients
1-14.

Refine lattice parameters. Minor phases, especially those with peak overlap,
should be excluded from refinement in this step. The lattice parameters for these
phases can be refined individually.

Refinement of W, V, U, and preferred orientation parameters should first be
performed for the major phases with strong peak overlap, for example, for alite
and belite in the KOSH residue, and for aluminate and ferrite in the SAM residue.
Simultaneously refine the W parameters for the major phases with strong peak
overlap.

Simultaneously refine the V parameters.

Simultaneously refine the U parameters.

Refine preferred orientation if necessary.

Uncheck the W, V, U, and preferred orientation parameters for the refined phases.
Consider the next most dominant phase. If refinement of lattice parameters for
this phase was omitted in step (vii), refine all the lattice parameters with visual
observation. If peak shift beyond the collected pattern is observed, the lattice

parameters for this phase should be excluded from refinement.

(xxxviii) If the phase considered in step (xiv) is present in amounts above 5 wt.%, repeat

steps (viii) — (xiii). For phases present in weight fractions of approximately 5-
20%, this step should be accompanied by visual observation. If during refinement
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(xxxix)

(x)

of one of the parameters, the value of this parameter increases dramatically and
the shape of the calculated profile broadens beyond the collected profile, undo
this refinement step and limit the Set Value Range (%) for the W parameter in the
Object Inspector pane. This may be repeated several times until good agreement
between the simulated and the collected pattern is observed. This should be done
during V and U refinement as well. For phases present in amounts of
approximately 1-5%, only refine the W parameter. However, if a strong, non-
overlapped peak of this minor phase can be clearly observed in the collected
pattern, V and U parameters can be refined as well with visual observation. For
phases present in amounts below 1%, refinement of W, V, U, and preferred
orientation parameters can be omitted.

Repeat steps (xiv) and (xv) until all the phases have been considered.

Uncheck all refined parameters for all phases and save the refined structures as a

cry file.

8.3.1.2.2. Refinement of OPC and Blended Cements

(x1i)

(xlii)

(xliii)

Insert the refined crystal structures obtained from the KOSH and SAM residue
refinement (step (xvii)). For blended cement mixtures with internal standard, add
a crystal structure for the internal standard as well. It was observed that although
a gypsum structure is refined as part of the SAM extraction residue, the gypsum
is altered by the extraction process, and the use of this refined gypsum structure
results in overestimation of the gypsum content in as-received cement. Therefore,
the gypsum structure should be added from the database. The calcite structure
was taken from the KOSH residue refinement as formation of additional calcite
was observed during SAM extraction. The periclase structure was taken from the
SAM residue refinement since there is less peak overlap compared to the KOSH
residue.

Repeat steps (ii) — (vii), except in step (vi) the number of refined Chebyshev I
coefficients should be increased for blended cements to obtain a good fitting with
the collected background.

Repeat steps (viii) — (xiii) first for alite and belite, then for aluminate and ferrite.
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(xliv)

(xIv)

(xIvi)

(xlIvii)

Repeat steps (xiv) — (xvi) for calcite and gypsum. It may not be necessary to
further refine the rest of the phases. This decision is based on the quality of the
fitting of the calculated pattern of such phases. If poor fitting is noted, further
refinement should be done.

When refinement is performed for blended cements with an internal standard, the
internal standard phase parameters should be refined last. After refinement of the
internal standard, open the Object Inspector pane for the internal standard phase,
and enter the actual crystalline content of the internal standard under Standard
Weight Percentage in order to calculate amorphous/unidentified content.
Uncheck all refined parameters for all phases.

For OPC, save the refined structures as a .cry file. For blended cements, it is
sufficient to save the analysis as a .hpf file. The .cry file created after OPC
refinement will be used in the quantification of the OPC_SCM blends. Since the
refinement of the blended cements will be further used in Step 3 of the Iterative
Rietveld-PONKCS techniques, the refinement results should be saved as a .hpf
file.

8.3.1.2.3. Refinement of Laboratory Mixtures

(xlviii)

(xlix)
()
(Ii)
(lii)
(liii)

(liv)

Insert the refined crystal structures obtained in step (xxiv) above for OPC and in
step (xvi) of the procedure for SCM refinement above. In the case of mixtures
containing phases that may be shared between the OPC and SCM, for example
calcite, insert these structures from the database. Add a crystal structure for the
internal standard as well.

Select Chebyshev 1 as the profile function.

Refine the flat background.

Refine scale factors for all phases.

Refine zero shift.

Refine Chebyshev | polynomial coefficients. Sufficient number of coefficients
should be selected to obtain a good fitting of the background.

Repeat steps (xix) — (xxii) above.
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8.3.2  Step 2: Refinement of a PONKCS Pseudo-Structure for SCMs

The accuracy of the amorphous phase determination using the PONKCS refinement
depends on background refinement for both the SCM and the blended material. Madsen et al. [7]
used a third-order Chebyshev polynomial with a 1/26 term (1/x in HighScore Plus v4.5 software)
for background fitting, while Snellings et al. [8] recommended the use of a first-order Chebyshev
polynomial with a 1/260 term. Based on the results of the current study, the latter approach gave
better refinement results. This could be explained as follows: the first-order Chebyshev polynomial
with the 1/26 term is the highest order of Chebyshev polynomial that is concave-upward in any 26
range for any experimental scan. Though higher order Chebyshev polynomials gave a better
background fit, especially for the calibration SCM, it gave less accurate results for amorphous
phase determination.

Quantification of the amorphous phase depends on the choice of the crystal system and
space group used in the Pawley [9] or Le Bail et al. [10] curve-fitting step for each SCM (within
the PONKCS refinement procedure). The amorphous hump is treated as a phase that will be
referred to as the “SCM amorphous phase” or SCMAP. During curve fitting, the approximate
Bragg position of the SCM amorphous hump maximum is determined, and an appropriate space
group is chosen to represent the amorphous phase.

For the choice of the space group for the SCMAP, preference should be given to the cubic
crystal system. This minimizes the number of lattice parameters that need to be refined in the
Pawley or Le Bail fitting, which makes the analysis simpler. In principle, the space group of the
SCMAP could be arbitrary, but choosing a space group corresponding to a cubic crystal system
reduces the number of lattice parameters to one (a = b =c).

For the choice of the cubic space group of the amorphous phase, preference should be given
to a space group that has only one peak within the 26 range of the amorphous hump being fitted
by the Pawley or Le Bail method. The presence of more peaks lowers the quality of the background
fit, making the amorphous phase determination less accurate. In the current study, the cubic
structure with the space group Fm3m (space group number 225) gave good fit for the slag hump,
while a cubic structure with the space group Fd3m (space group number 227) gave good fit for

the fly ash hump.
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After fitting the amorphous SCM hump, the ZMV calibration constant of the SCMAP
should be determined. V is the unit-cell volume obtained at the end of the curve fitting procedure,
while Z is the formula mass, which is unknown in this case since the material is x-ray amorphous
and the crystal structure and space group are arbitrarily chosen to enable fitting of the amorphous
hump. Therefore, the ZM formula mass is absent in the Pawley or Le Bail fitting mode. However,
the ZM value can be artificially introduced into the “hkl-file” fitting mode as the ZMprm “Pseudo
Formula Mass” and calibrated for the SCMAP. This calibration is based on the assumption that
all amorphous content of the SCM belongs to the SCMAP; therefore, the correct value of ZM will
transfer all the amorphous content to the fitted SCMAP.

The main difference between traditional Rietveld refinement procedures described earlier
in this chapter and the Iterative Rietveld-PONKCS refinement is the separation of the

background refinement from the refinement of amorphous hump.

8.3.2.1.1. Iterative Refinement of the PONKCS Pseudo-Structure

(1) Open the .hpf file of the SCM-internal standard mixture obtained at the end of the
SCMs refinement procedure discussed previously in section 8.3.1.

(i) Turn off all refinement parameters.

(i) Zero all the background Chebyshev polynomial parameters

(iv)  Create an SCMAP structure. In the Analysis menu, select Fitting, then click on
Enter New Structure. In the new window, choose the cubic space group in the
Enter Space Group drop-down menu (space group 225 for slag and 227 for fly
ash), and enter lattice parameter a under Enter Unit Cell. The lattice parameter
value should be chosen to obtain a 26 position of the first peak close to the
maximum position of the SCM amorphous hump. Choose the Pawley Fit in the
Fitting Mode of the Object Inspector pane. Unclick Use Min/Max Values for
shape parameters to allow these parameters to change in the infinite range.

(V) Refine scale factors for all crystalline phases.

(vi)  Refine the flat background parameter.

(vii)  Refine the 1/x background parameter.

(viii)  Refine the background coefficient 1.
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(ix)
(x)
(xi)
(xii)
(xiii)
(xiv)
(xv)
(xvi)

(xvii)

Uncheck all the refined background parameters.

Refine the lattice parameter a and the W parameter for the SCMAP.

Refine the V parameter for the SCMAP.

Refine the U parameter for the SCMAP.

Refine the shape parameter 1, 51, for the SCMAP.

Refine the shape parameter 2, 72, for the SCMAP.

Refine the shape parameter 3, 73, for the SCMAP.

Turn off all parameters for the SCMAP.

Perform next iteration of the SCMAP fitting by repeating the steps (iii), (v) — (xvi)
to stabilize refinement results. Typically, 10-20 iterations are sufficient to obtain

good fitting of the amorphous hump.

8.3.2.1.2. ZM Formula Mass Calibration of SCMAP

8.3.3

(xviii) Open the Object Inspector pane for the internal standard phase, and enter the actual

(xix)

(xx)

crystalline content of the internal standard under Standard Weight Percentage in
order to calculate the amorphous content.

Change the Fitting Mode of the SCMAP in the Object Inspector pane from the
Pawley Fit to the HKL-File Fit mode.

Enter a value for the Pseudo Formula Mass for the SCMAP that will convert all
the amorphous content into the SCMAP weight percentage. The resulting

amorphous content will be equal to zero.

Step 3: Refinement Using PONKCS

(i)

(i)
(iii)
(iv)

Open the .hpf file of the blended cements or laboratory-prepared mixture obtained

in Step 1 discussed previously.

Turn off all refinement parameters;

Zero all the coefficients of the Chebyshev background polynomial;

Insert the refined SCMAP obtained in Step 2. In contrast to the crystalline phases

with known structures, the refined SCMAP with the HKL-File Fit mode cannot be

saved to any file for further use in refinement. However, this phase can be directly
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copied from one refined .hpf file to another one. Therefore, in addition to the .hpf
file with current refinement, the second file with refined SCMAP structure should
be opened and the refined SCMAP structure should be copied to the first file by
right-clicking on the SCMAP in the Refinement Control pane using the Copy To
mode.

(V) Refine the scale factors for major phases. Exclude minor phases from refinement
at this step.

(vi)  Refine the flat background parameter.

(vii)  Refine the 1/x term parameter of background.

(viii)  Refine background coefficient 1.

(ix)  Refine scale factors for minor phases one phase at a time while observing the
change in its wt.%. If there is a significant change, undo the refinement and fix the
scale factor before proceeding to the next phase.

(x) Repeat step (ix) for the remainder of the phases.

(xi)  Repeat the refinement several times until the weight fractions of the SCMAP and
the amorphous content are stabilized.

8.4  Results and Discussion
8.4.1 SCM Amorphous Content Analysis

The Rietveld refinement results of FA1, SL1 and SL2 were presented earlier in Chapter 7.
From the Pawley fit of the FA1 amorphous hump, Figure 8-1, where the measured pattern, fitted
background, corundum, crystalline, and amorphous phases of the fly ash are superimposed. The

formula mass calibration of the fly ash SCMAP and the following fit parameters were obtained:

111



Table 8-1: Fit Parameters of FA1

Crystal System Cubic
Space Group Name Fd3m
Space Group Number 227
Lattice Parameters

a=b=c(A) 6.14619
a=p=y(deg) 90

Peak Shape Parameters

Caglioti U -33.79836
Caglioti V 110.4921
Caglioti W 155.1914
Peak Shape 1, 71 -0.1

Peak Shape 2, 72 -0.020412
Peak Shape 3, 73 -0.000137

Pseudo Formula Mass (g/mol) | 4.365

FA

16000 |

12000 - CorundumJ _J J _JL j J ) J\ 'l
£
>
o
o

8000 |

XRD Pattern

Amorphous FA

7 17 27 37 47 57 67
Position 26 (deg.)

Figure 8-1: Iterative Rietveld-PONKCS analysis of FAl

The Pawley fit for the SL1 amorphous hump, Figure 8-2, and the formula mass calibration
results for the slag SCMAP and the determined fit parameters are presented in Table 8-2. For SL2,

the formula mass for the SCMAP and the fit parameters are presented in Table 8-3.
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Table 8-2: Fit Parameters of SL1

Crystal System Cubic
Space Group Name Fm3m
Space Group Number 225
Lattice Parameters

a=b=c(A) 5.130387
a ==y (deg) 90

Peak Shape Parameters

Caglioti U 748.1456
Caglioti V -26.92349
Caglioti W 0.000578
Peak Shape 1, 1 -0.1

Peak Shape 2, 72 0.064082
Peak Shape 3, 73 -0.001858

Pseudo Formula Mass (g/mol) | 6.905

BFS
6000
CorundumJL JJ JL L A
4000
XRD Pattern VV/M\
J

Background

Counts

2000

Amorphous BFS

7 17 27 37 47 57 67
Pasition 26 (deg.)
Figure 8-2: Iterative Rietveld-PONKCS Analysis of SL1
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Table 8-3: Fit Parameters of HC Slag SL2

Crystal System Cubic
Space Group Name Fm3m
Space Group Number 225
Lattice Parameters

a=b=c(A) 5.113546
a=p=y(deg) 90

Peak Shape Parameters

Caglioti U 555.1889
Caglioti V -5.368256
Caglioti W 15.20484
Peak Shape 1, 71 -0.036446
Peak Shape 2, 72 -0.000183
Peak Shape 3, 73 0.000122

Pseudo Formula Mass (g/mol) | 8.6262

8.4.2 Refinement of Portland Cement-SCM Mixtures within PONKCS Method

The results of mixtures analyses will be presented in this section. The data analyses for
FA1- PC1 mixtures, using the internal-standard Iterative Rietveld-PONKCS method, are
presented in Table 8-4 through Table 8-7. The determined weight fractions of FA1 SCMAPs are
shown in the “Amorphous Fly Ash” row. The total (crystalline plus amorphous) fly ash contents
in the mixtures (see the rows labelled “Part of Fly Ash in Mixture”), were determined by
normalizing the weight fraction of the fly ash SCMAP in the mixture by the amorphous content in
the fly ash, that is, by 0.74 (see Chapter 7). The last row in the Tables gives the difference between
this value and the actual amount (in wt.%) of fly ash in each mixture. As can be seen from the
results presented here, the PONKCS method developed in this study gave better that 1 wt.%
precision and accuracy in the determination of the fly ash content in the prepared mixtures.

In principle, the crystalline phase with the strongest peaks in FA1, mullite, can also be used
for quantifying the fly ash content in the mixture. This is because the weight fraction of mullite in

fly ash is rather high, about 17 wt.%, and the strongest mullite peaks do not overlap with any peak
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in portland cement. Using this approach, the accuracy of fly ash content determination in mixtures

was about 1 — 3 wt.%, which is lower than the accuracy obtained by using the SCMAP approach.

Table 8-4: Analysis of 5 FA1-PC1 Mixture

Wt. (%)
Phase P1-S1 P2-S1 P3-S1 AVERAGE | STDEV
Alite 42.6 42.4 42.0 42.3 0.3
Belite 23.9 23.1 23.4 23.5 0.4
Aluminate 4.4 4.5 4.6 4.5 0.1
Ferrite 8.9 9.1 8.9 9.0 0.1
Calcite 5.0 4.9 4.7 4.9 0.2
Syngenite 0.9 0.9 0.8 0.9 0.1
Portlandite 1.1 0.8 0.9 0.9 0.2
Gypsum 4.8 4.9 4.8 4.8 0.1
Hemihydrate 1.2 1.3 1.3 1.3 0.1
Mullite 1.0 1.0 1.0 1.0 0.0
Quartz 0.3 0.4 0.3 0.3 0.1
Magnetite 0.0 0.0 0.0 0.0 0.0
Periclase 0.0 0.0 0.0 0.0 0.0
Fly Ash SCMAP 3.7 4.4 4.2 4.1 0.4
Amorphous Phase - Other | 2.2 2.3 3.0 2.5 0.4
Total Amorphous Phase 5.9 6.7 7.2 6.6 0.7
Part of Fly Ash in 55
Mixture
Difference Between -0.5
Measured and Actual
Amount of Fly Ash in
Mixture
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Table 8-5: Analysis of 10 FA1-PC1 Mixture

Wt. (%)

P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Phase
Alite 40.9 |40.6 40.9 40.8 0.2
Belite 22.7 | 225 21.8 22.3 0.5
Aluminate 4.7 4.6 4.6 4.6 0.1
Ferrite 8.9 8.5 8.8 8.7 0.2
Calcite 4.2 4.3 4.3 4.3 0.1
Syngenite 0.8 0.7 0.8 0.8 0.1
Portlandite 0.8 0.7 0.7 0.7 0.1
Gypsum 4.5 4.4 4.6 4.5 0.1
Hemihydrate 1.2 1.1 1.3 1.2 0.1
Mullite 1.8 1.7 1.6 1.7 0.1
Quartz 0.6 0.6 0.6 0.6 0.0
Magnetite 0.0 0.0 0.0 0.0 0.0
Periclase 0.0 0.0 0.0 0.0 0.0
Fly Ash SCMAP 7.6 7.6 7.9 7.7 0.2
Amorphous Phase - Other 1.4 2.8 2.0 2.1 0.7
Total Amorphous Phase 9.0 10.4 9.9 9.8 0.7
Part of Fly Ash in Mixture 10.4
Difference =~ Between  the 0.4
Measured and Actual Amount
of Fly Ash in Mixture
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Table 8-6: Analysis of 20FA1-PC1 Mixture

Wt. (%)

P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Phase
Alite 36.4 | 35.9 36.0 36.1 0.3
Belite 189 | 18.6 18.8 18.8 0.2
Aluminate 4.0 3.9 3.9 3.9 0.1
Ferrite 7.4 7.5 7.2 7.4 0.2
Calcite 3.8 4.0 3.9 3.9 0.1
Syngenite 0.8 0.7 0.7 0.7 0.1
Portlandite 0.7 0.6 0.6 0.6 0.1
Gypsum 4.1 4.1 4.3 4.2 0.1
Hemihydrate 0.7 0.9 1.0 0.9 0.2
Mullite 3.8 3.9 3.8 3.8 0.1
Quartz 1.3 1.3 1.3 1.3 0.0
Magnetite 0.3 0.3 0.4 0.3 0.1
Periclase 0.2 0.2 0.2 0.2 0.0
Fly Ash SCMAP 152 | 155 15.3 15.3 0.2
Amorphous Phase - Other 2.3 2.5 2.6 2.5 0.2
Total Amorphous 175 |18.0 17.9 17.8 0.3
Part of Fly Ash in Mixture 20.7
Difference =~ Between  the 07
Measured and Actual Amount
of Fly Ash in Mixture
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Table 8-7: Analysis of 30 FA1-PC1 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 31.6 |31.7 31.4 31.6 0.2
Belite 16.1 | 155 16.3 16.0 0.4
Aluminate 3.7 3.7 3.5 3.6 0.1
Ferrite 7.0 6.8 7.0 6.9 0.1
Calcite 3.5 3.5 3.5 3.5 0.0
Syngenite 0.3 0.6 0.5 0.5 0.2
Portlandite 0.5 0.6 0.5 0.5 0.1
Gypsum 3.0 3.0 2.9 3.0 0.1
Hemihydrate 0.9 1.1 0.9 1.0 0.1
Mullite 55 5.4 5.1 5.3 0.2
Quartz 2.0 2.0 2.0 2.0 0.0
Magnetite 0.3 0.4 0.4 0.4 0.1
Periclase 0.2 0.2 0.3 0.2 0.1
Fly Ash SCMAP 225 229 22.6 22.7 0.2
Amorphous Phase - Other 2.9 2.6 3.1 2.9 0.3
Total Amorphous 25.4 | 255 25.7 25.5 0.2
Part of Fly Ash in Mixture 30.6
Difference =~ Between  the 06
Measured and Actual Amount
of Fly Ash in Mixture
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Figure 8-3: Iterative Rietveld-PONKCS analysis of the 30FA1-PC1 mixture

The results of the analyses of PC1-SL1 mixtures by the internal-standard Iterative
Rietveld-PONKCS method are shown in Table 8-8 through Table 8-13, Figure 8-4, and Figure
8-5. Similar to PC1-FA1 mixtures, the precision and accuracy of the determination of SL1 in
mixtures within the PONKCS method was high, (about 1 wt.%). In contrast to PC1-FA1 mixtures,
the crystalline phases in SL1 are very low and therefore could not be successfully used to determine
the slag content in the mixture as the weight fraction of the strongest crystalline phase, melilite,

was less than 1 wt.%.
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Table 8-8: Analysis of 5 SL1-PC1 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 448 | 435 44 44.1 0.7
Belite 245 | 23.7 23 23.7 0.8
Aluminate 4.9 4.7 4.9 4.8 0.1
Ferrite 9.4 9 9.1 9.2 0.2
Calcite 4.6 4.6 4.6 4.6 0.0
Syngenite 0.3 0.1 0.2 0.2 0.1
Portlandite 0.8 0.8 0.7 0.8 0.1
Gypsum 3.6 4 3.7 3.8 0.2
Hemihydrate 1.3 1.2 1.2 1.2 0.1
Melilite 0 0 0 0.0 0.0
Slag SCMAP 4.6 5.4 5.2 5.1 0.4
Amorphous Phase - Other 1.2 2.9 3.4 2.5 1.2
Total Amorphous Phase 5.8 8.3 8.6 7.6 1.5
Part of Slag in Mixture 5.1
Difference Between the 0.1
Measured and Actual
Amount of Slag in Mixture
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Table 8-9: Analysis of 10 SL1-PC1Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 41.4 423 418 |418 0.5
Belite 23.2 23.7 |232 |234 0.3
Aluminate 4.5 4.5 4.5 4.5 0.0
Ferrite 8.6 8.9 8.8 8.8 0.2
Calcite 4.5 4.6 4.7 4.6 0.1
Syngenite 0.3 0.1 0.2 0.2 0.1
Portlandite 0.7 0.5 0.6 0.6 0.1
Gypsum 3.2 3.3 3.3 3.3 0.1
Hemihydrate 1.2 1.2 1.2 1.2 0.0
Melilite 0 0 0 0.0 0.0
Slag SCMAP 10.5 9.8 10.2 [ 10.2 0.4
Amorphous - Other 1.9 1 1.4 1.4 0.5
Total Amorphous Phase 12.4 108 | 116 |116 0.8
Part of Slag in Mixture 10.3
Difference Between the 0.3
Measured and  Actual
Amount of Slag in Mixture

Table 8-10: Analysis of 20SL1-PC1 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 36.7 371 379 |[37.2 0.6
Belite 20.9 212 |211 |21.1 0.2
Aluminate 4.1 4.0 4.2 4.1 0.1
Ferrite 7.4 7.7 7.7 7.6 0.2
Calcite 3.7 3.6 3.5 3.6 0.1
Syngenite 0.1 0.3 0.1 0.2 0.1
Portlandite 0.6 0.6 0.6 0.6 0.0
Gypsum 3.3 3.3 3.1 3.2 0.1
Hemihydrate 0.9 1.0 1.0 1.0 0.1
Melilite 0.1 0.1 0.1 0.1 0.0
Slag SCMAP 19.8 194 199 |19.7 0.3
Amorphous Phase - Other 2.4 1.7 0.6 1.6 0.9
Total Amorphous Phase 22.2 21.1 | 20.5 21.3 0.9
Part of Slag in Mixture 20.0
Difference Between the 0.0
Measured and  Actual
Amount of Slag in Mixture
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Table 8-11: Analysis of 30SL1-PC1 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 31.0 31.7 [314 |314 0.4
Belite 18.2 175 |18.2 |18.0 0.4
Aluminate 3.5 3.5 3.6 3.5 0.1
Ferrite 6.8 6.8 6.8 6.8 0.0
Calcite 4.6 4.6 4.5 4.6 0.1
Syngenite 0.2 0.3 0.1 0.2 0.1
Portlandite 0.6 0.5 0.4 0.5 0.1
Gypsum 2.8 2.9 3.2 3.0 0.2
Hemihydrate 0.5 0.7 0.7 0.6 0.1
Melilite 0.1 0.1 0.1 0.1 0.0
Slag SCMAP 30.0 29.8 296 |29.8 0.2
Amorphous Phase - Other 1.8 1.6 1.4 1.6 0.2
Total Amorphous Phase 31.8 314 310 |314 0.4
Part of Slag in Mixture 30.2
Difference Between the -0.2
Measured and Actual
Amount of Slag in Mixture

Table 8-12: Analysis of 50SL1-PC1 Mixture

Wt. (%)

P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Phase
Alite 23.1 226 223 |227 0.4
Belite 13.6 13.7 |141 |138 0.3
Aluminate 2.8 2.5 2.6 2.6 0.2
Ferrite 5.2 5.1 5.0 5.1 0.1
Calcite 3.5 3.5 3.7 3.6 0.1
Syngenite 0.2 0.2 0.2 0.2 0.0
Portlandite 0.2 0.2 0.3 0.2 0.1
Gypsum 2.0 2.3 2.1 2.1 0.2
Hemihydrate 0.3 0.4 0.4 0.4 0.1
Melilite 0.2 0.1 0.2 0.2 0.1
Slag SCMAP 48.3 48.8 |48.9 |48.7 0.3
Amorphous Phase - Other 0.6 0.6 0.3 0.5 0.2
Total Amorphous Phase 48.9 494 | 49.2 49.2 0.3
Part of Slag in Mixture 49.4
Difference Between the 0.6
Measured and Actual
Amount of Slag in Mixture
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Table 8-13: Analysis of 70SL1-PC1 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 13 13.1 127 |129 0.2
Belite 9.8 9.2 104 |9.8 0.6
Aluminate 1.6 1.5 1.6 1.6 0.1
Ferrite 3.1 3.3 3.1 3.2 0.1
Calcite 2.3 2.3 2.3 2.3 0.0
Syngenite 0 0 0 0.0 0.0
Portlandite 0 0 0 0.0 0.0
Gypsum 1.3 1.4 1.4 1.4 0.1
Hemihydrate 0.2 0.1 0.2 0.2 0.1
Melilite 0.2 0.2 0.1 0.2 0.1
Slag SCMAP 68.2 68.6 |68.1 |68.3 0.3
Amorphous Phase - Other 0.2 0.3 0.1 0.2 0.1
Total Amorphous Phase 68.4 68.9 |68.2 |68.5 0.4
Part of Slag in Mixture 69.3
Difference Between the 0.7
Measured and Actual
Amount of Slag in Mixture
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Figure 8-4: Iterative Rietveld-PONKCS analysis of the 5SL1-PC1 mixture

Counts

12000 | 70BFS-OPC
8000 |

Corundum ____J JL I A
4000

XRD Pattern

Ll

7 17 27 37 47 57 67
Position 26 (deg.)

Background
Amorphous BFS

—

Figure 8-5: Iterative Rietveld-PONKCS analysis of the 70SL1-PC1 mixture

124



The results of the analysis of PC3-SL2 mixtures by the iterative internal-standard PONKCS
method are shown in Table 8-14 through Table 8-19. Similar to PC1-SL1 mixtures, the precision
and accuracy of slag quantification in SL2 mixtures using the PONKCS method was high, about
1 wt.%. Additionally, the findings indicate that similar to PC1-SL1 mixtures, there is no crystalline
phase in the SL2 that can be successfully used for the determination of the SL2 content in its
mixtures with PC3. The amorphous content in the SL2 was very high, about 97 wt.%, and the

weight fraction of the SL2 crystalline phase, melilite, was less than 0.5 wt.%.

Table 8-14: Analysis of 5SL.2-PC3 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 49.6 |494 49.7 | 49.6 0.2
Belite 13.8 | 13.0 13.0 13.3 0.5
Aluminate 1.5 1.4 1.4 1.4 0.1
Ferrite 109 |11.0 11.2 11.0 0.2
Calcite 5.4 55 5.4 5.4 0.1
Aphthitalite 0.2 0.1 0.1 0.1 0.1
Syngenite 0.8 1.2 1.1 1.0 0.2
Periclase 0.2 0.3 0.3 0.3 0.1
Gypsum 2.4 2.5 2.5 2.5 0.1
Hemihydrate 1.1 1.2 1.1 1.1 0.1
Melilite 0.0 0.0 0.0 0.0 0.0
Magnetite 0.0 0.0 0.0 0.0 0.0
Quartz 0.0 0.0 0.0 0.0 0.0
Slag SCMAP 5.6 5.2 5.6 55 0.2
Amorphous Phase - Other 8.4 9.2 8.5 8.7 0.4
Total Amorphous Phase 140 |14.4 14.1 14.2 0.2
Part of Slag in Mixture 5.6
Difference Between the 06
Measured and Actual
Amount of Slag in Mixture
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Table 8-15: Analysis of 10SL2-PC3 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 479 |48.6 46.9 47.8 0.9
Belite 11.7 |12.0 11.7 11.8 0.2
Aluminate 1.4 1.4 1.4 1.4 0.0
Ferrite 10.7 | 10.8 10.3 10.6 0.3
Calcite 4.9 5.1 5.2 5.1 0.2
Aphthitalite 0.1 0.2 0.2 0.2 0.1
Syngenite 0.9 1.1 1.0 1.0 0.1
Periclase 0.3 0.3 0.2 0.3 0.1
Gypsum 2.2 2.3 2.4 2.3 0.1
Hemihydrate 1.0 1.0 1.1 1.0 0.1
Melilite 0.0 0.0 0.0 0.0 0.0
Magnetite 0.0 0.0 0.0 0.0 0.0
Quartz 0.0 0.0 0.0 0.0 0.0
Slag SCMAP 104 193 10.1 9.9 0.6
Amorphous Phase - Other 8.4 7.9 9.6 8.6 0.9
Total Amorphous Phase 18.8 |17.2 19.7 18.6 1.3
Part of Slag in Mixture 10.3
Difference Between the 03
Measured and Actual
Amount of Slag in Mixture

126




Table 8-16: Analysis of 20SL2-PC3Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 419 |429 44.2 43.0 1.2
Belite 119 |11.6 11.1 115 0.4
Aluminate 1.5 1.5 1.4 1.5 0.1
Ferrite 9.1 9.6 9.6 9.4 0.3
Calcite 4.9 4.8 4.8 4.8 0.1
Aphthitalite 0.1 0.0 0.0 0.0 0.1
Syngenite 0.5 0.4 0.3 0.4 0.1
Periclase 0.2 0.1 0.2 0.2 0.1
Gypsum 2.0 1.8 1.7 1.8 0.2
Hemihydrate 0.9 1.0 0.8 0.9 0.1
Melilite 0.0 0.0 0.0 0.0 0.0
Magnetite 0.0 0.0 0.0 0.0 0.0
Quartz 0.0 0.0 0.0 0.0 0.0
Slag SCMAP 199 ]193 18.5 19.2 0.7
Amorphous Phase - Other 7.3 7.0 7.4 7.2 0.2
Total Amorphous Phase 27.2 | 26.3 25.9 26.5 0.7
Part of Slag in Mixture 19.8
Difference Between the 0.2
Measured and Actual
Amount of Slag in Mixture
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Table 8-17: Analysis of 30SL2-PC3 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 36.7 |37.6 35.8 36.7 0.9
Belite 10.2 | 10.1 10.3 10.2 0.1
Aluminate 1.2 1.3 1.2 1.2 0.1
Ferrite 8.2 8.3 8.3 8.3 0.1
Calcite 4.5 4.5 4.6 4.5 0.1
Aphthitalite 0.0 0.0 0.1 0.0 0.1
Syngenite 0.2 0.3 0.3 0.3 0.1
Periclase 0.1 0.1 0.2 0.1 0.1
Gypsum 1.6 1.6 1.6 1.6 0.0
Hemihydrate 0.8 0.7 0.9 0.8 0.1
Melilite 0.0 0.0 0.0 0.0 0.0
Magnetite 0.1 0.2 0.1 0.1 0.1
Quartz 0.1 0.1 0.1 0.1 0.0
Slag SCMAP 29.7 294 29.7 29.6 0.2
Amorphous Phase - Other 6.5 5.8 6.7 6.3 0.5
Total Amorphous Phase 36.2 |35.2 36.4 35.9 0.6
Part of Slag in Mixture 30.5
Difference Between the 05
Measured and Actual
Amount of Slag in Mixture
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Table 8-18: Analysis of 50SL2-PC3 Mixture

Wt. (%)

P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Phase
Alite 26.3 | 25.3 25.6 25.7 0.5
Belite 7.2 7.9 7.6 7.6 0.4
Aluminate 0.8 0.9 0.9 0.9 0.1
Ferrite 5.9 5.9 5.7 5.8 0.1
Calcite 3.9 4.3 4.0 4.1 0.2
Aphthitalite 0.0 0.0 0.0 0.0 0.0
Syngenite 0.0 0,1 0.0 0.0 0.0
Periclase 0.1 0.0 0.1 0.1 0.1
Gypsum 1.3 1.1 1.3 1.2 0.1
Hemihydrate 0.4 0.7 0.7 0.6 0.2
Melilite 0.1 0.1 0.1 0.1 0.0
Magnetite 0.2 0,1 0.1 0.2 0.1
Quartz 0.1 0.2 0.1 0.1 0.1
Slag SCMAP 48.3 |48.9 48.7 48.6 0.3
Amorphous Phase - Other 5.3 4.5 5.0 4.9 0.4
Total Amorphous Phase 53.6 |53.4 53.7 53.6 0.2
Part of Slag in Mixture 50.2
Difference Between the 0.2
Measured and  Actual
Amount of Slag in Mixture
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Table 8-19: Analysis of 70SL2-PC3 Mixture

Wt. (%)
Phase P1-S1 | P2-S1 | P3-S1 | AVERAGE | STDEV
Alite 15.6 | 155 15.3 15.5 0.2
Belite 4.7 4.9 5.1 4.9 0.2
Aluminate 0.5 0.5 0.6 0.5 0.1
Ferrite 3.5 3.6 3.4 3.5 0.1
Calcite 3.5 3.4 3.4 3.4 0.1
Aphthitalite 0.0 0.0 0.0 0.0 0.0
Syngenite 0.3 0.1 0.3 0.2 0.1
Periclase 0.1 0.1 0.1 0.1 0.0
Gypsum 0.8 0.7 0.6 0.7 0.1
Hemihydrate 0.4 0.3 0.2 0.3 0.1
Melilite 0.0 0.0 0.0 0.0 0.0
Magnetite 0.2 0.2 0.2 0.2 0.0
Quartz 0.2 0.2 0.2 0.2 0.0
Slag SCMAP 67.9 |68.0 67.9 67.9 0.1
Amorphous Phase - Other 2.4 2.6 2.7 2.6 0.2
Total Amorphous Phase 70.3 | 70.6 70.6 70.5 0.2
Part of Slag in Mixture 70.1
Difference Between the 01
Measured and Actual
Amount of Slag in Mixture

8.4.3 Refinement of Commercial SCM-Blended Cements using PONKCS Method

Analysis of PC1-1P(30) using the internal-standard Iterative Rietveld-PONKCS method
is presented in Table 8-20. The fly ash content in PC1-1P(30) is about 30 — 31 wt.%. This is in
good agreement with the manufacturer reported fly ash content of 30%. The presence of a
relatively large amount of mullite, 17.7 wt.% in FA1 fly ash (Table 7-3) makes it possible to verify
the fly ash content in PC1-1P(30) using mullite content. The determined amount of mullite in the
blended PC1-1P(30), 5.2 wt.% (Table 8-20), gives about 29.4 wt.% of fly ash in the blended
cement, which is in good agreement with the determined value of 30.6 wt.% (Table 8-20),
determined through the Iterative Rietveld-PONKCS method. However, if fly ash substitution in
the blended system is low, the latter would be the only reliable technique for studying the blended

system.
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Table 8-20: Mineralogical Analysis of PC1-1P(30) (wt.%)

Phase P1 P2 P3 Average | STDEV
Alite 29.3 28.9 28.8 29.0 0.3
Belite 16.7 16.3 16.5 16.5 0.2
Aluminate 4.5 4.2 4.2 4.3 0.2
Ferrite 6.6 7.2 7.0 6.9 0.3
Calcite 3.8 3.7 3.7 3.7 0.1
Syngenite 0.5 0.7 0.7 0.6 0.1
Portlandite 0.5 0.6 0.6 0.6 0.1
Gypsum 1.3 1.3 1.2 1.3 0.1
Hemihydrate 2.0 2.1 2.0 2.0 0.1
Anhydrite 0.5 0.5 0.6 0.5 0.1
Mullite 5.4 5.1 5.2 5.2 0.2
Quartz 2.0 1.9 2.0 2.0 0.1
Magnetite 0.4 0.2 4.0 1.5 2.1
Periclase 0.3 0.3 0.3 0.3 0.0
Fly Ash SCMAP 22.6 22.8 22.6 22.7 0.1
Cement Alu 3.6 4.1 3.9 3.9 0.3
Blended cement A/u 26.2 26.9 26.5 26.5 0.4
Fly Ash content in blended cement 30.6

For the blended slag systems, the results for PC1-1S(30) using the internal-standard
Iterative Rietveld-PONKCS method are shown in Table 8-21. The analysis indicates that the slag
content in the blended cement is about 30 wt.%, which is in agreement with the reported value by
the blended cement manufacturer. In contrast to PC1-1P(30), the slag content in this blended
cement cannot be accurately estimated using any of the crystalline phases reported here due to

their very low amounts.
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Table 8-21: Mineralogical Analysis of PC1-1S(30)

Phase P1 P2 P3 Average | STDEV
Alite 29.3 29.3 29.4 29.3 0.1
Belite 20.9 20.3 20.8 20.7 0.3
Aluminate 3.3 3.3 3.3 3.3 0.0
Ferrite 7.2 7.3 7.3 7.3 0.1
Calcite 2.6 2.5 2.2 2.4 0.2
Syngenite 0.4 0.5 0.3 0.4 0.1
Portlandite 0.3 0.2 0.2 0.2 0.1
Gypsum 2.3 2.4 2.5 2.4 0.1
Hemihydrate 1.1 1.3 1.3 1.2 0.1
Anhydrite 0.3 0.4 0.3 0.3 0.1
Quartz 0.1 0.2 0.2 0.2 0.1
Melilite 0 0 0.1 0.0 0.1
Slag SCMAP 29.4 29.6 29.9 29.6 0.3
Cement Alu 2.7 2.9 2.3 2.6 0.3
Blended A/u 32.1 325 32.2 32.3 0.2
Slag content in Blended Cement 30.1

The analysis of the third commercially blended cement, PC3-1S(20), conducted by the
internal-standard Iterative Rietveld-PONKCS method is presented in Table 8-22. The slag
content in PC3-1S(20) blend is about 19-20 wt.%. The slag content in the blended cement was
indicated to be 20% by the producer.
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Table 8-22: Mineralogical Analysis of PC3-1S(20)

Phase P1-S1 |P2-S1 | P3-S1 | AVERA | STDEV
GE

Alite 43.4 43.5 43.7 43.5 0.2
Belite 14.6 15.1 15.1 14.9 0.3
Aluminate 1.2 1.2 1.3 1.2 0.1
Ferrite 10.4 10.7 10.5 10.5 0.2
Calcite 2.6 2.5 2.5 2.5 0.1
Aphthitalite 0.2 0.1 0.1 0.1 0.1
Syngenite 0.4 0.5 0.4 0.4 0.1
Periclase 0.1 0.2 0.1 0.1 0.1
Gypsum 1.6 1.6 1.6 1.6 0.0
Hemihydrate 2.0 1.9 1.9 1.9 0.1
Anhydrite 0.0 0.1 0.1 0.1 0.1
Melilite 0.0 0.0 0.0 0.0 0.0
Magnetite 0.0 0.0 0.0 0.0 0.0
Quartz 0.0 0.0 0.0 0.0 0.0
Slag SCMAP 19.2 18.3 18.8 18.8 0.5
Cement Alu 4.4 4.4 4.0 4.3 0.2
Blended A/u 23.6 22.7 22.8 23.0 0.5
Slag content in Blended Cement 19.4

8.5 Conclusions

(i)

(i)

(iii)

(iv)

The internal-standard Iterative Rietveld-PONKCS approach/method developed
in this study, has high precision and accuracy (1 wt.%), for the quantification of the
SCM content in blended systems;
The method is based on refinement of both the calibration SCM and the cement-
SCM mixtures;
The method involves background refinement of the calibration SCMs and the
cement-SCM mixtures, using first-order Chebyshev polynomials with a 1/26 term.
The first-order polynomial gave the best refinement results for the determinations
of the SCM contents in mixtures and blends. One probable reason for the
effectiveness of the first-order Chebyshev polynomial is that it is the highest order
of polynomial that is concave upward in the 26 ranges studied here;
To get the best fit for the SCMAP, the iterative technique requires the separation of
the amorphous hump refinement from background refinement.
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Chapter 9.  Conclusions and Recommendations

The findings of this study can be summarized as follows:

1. The main goal of this research project was achieved through the development of

analysis procedures to quantify the phases present in portland cement-supplemental
cementitious material combinations that are or may be used by FDOT.

An iterative Rietveld-PONKCS (IRP) method was developed that combines
quantitative x-ray diffraction, Rietveld refinement, and PONKCS analyses. This
method has been shown to determine the phase contents of anhydrous cementitious
systems with high precision and accuracy.

The IRP protocol was developed and tested on laboratory-prepared portland cement-
supplemental cementitious material mixtures with portland cement replacements
ranging from 5 to 70% and was shown to be highly accurate compared to previous
methods.

The method was used to analyze commercial limestone-blended portland cement,
ground granulated blast furnace slag-blended portland cement, and Class F fly ash-
blended portland cement. The phase contents in anhydrous portland cement clinker,
the slag and fly ash contents in commercial blended cements, the limestone contents of
portland-limestone cements, and the amorphous phase contents of each cementitious

material were determined with a typical accuracy of about 1%.

The following recommendations are based on the findings of this study:

1.

3.

Adopt the IRP quantitative analysis method for blended cementitious systems for the
verification of the constituents of blended portland cement-SCM systems. This should
enable enhancement of the reliability and durability of concrete elements in the
infrastructure system of the state of Florida.

Change FDOT specifications to require quantitative XRD analyses (QXRDA) of all
cementitious materials as part of the acceptance program and for Quality Assurance
procedures.

Arrange with the Construction Materials Group in the Department of Civil and

Environmental Engineering of the University of South Florida to host workshops for
137



the characterization and phase analyses of portland cements and blended cementitious
systems used by the state of Florida Department of Transportation. The training
received would enable FDOT personnel to perform QXRDA on cementitious raw
materials at the State Materials Office (SMO).
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Appendix A. Certificate of Analysis SRM 676a
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N .
- e - National Justitute of Standards & Technology

Srgreg o8

Certificate of Analysis

Standard Reference Material® 676a

Alununa Powder

(Quantitative Analysis Powder Diffraction Standard)

This Standard Reference Matenal (SEM) consists of an alumina powder (cormmdum structure) mtended primarnly for
use as an mternal standard for quanttative phase analysis using powder diffrachion methods. It 15 also smitable for
determination of 1L values [1] (for a complete discussion of the I'L see [2]). A umit of SEM 676a conmists of
approximately 20 z of powder, bottled in an argon atmosphere.

Mlaterial Dezcription: The alumma powder was produced wia the alum [NHyALSOY); » 12H:0] precursor route,
caleined to 1400 °C, and jet milled to a fully dizaggregated state. The alumina grams are sub-micrometer in size and
equi-axial in shape. The high calcination temperature ensures kuzh phase purity while the 1sometne form of the grains
effectively eliminates preferred onentation effects in this powder. The disaggregated state of this matenal ensures the
homogeneity of muxtures prepared by conventional methods.

An analyzis of the phase fractions determined from X-ray powder diffraction data from maxtures of SEM 6762 and
siheon powder, SEM 640c [3], indicated that the SEMM material was homogeneous with respect to diffraction
properties.

Certified Values: A NIST certified value is a value for which NIST has the highest confidence in its acouracy in that
all known or suspected sources of bias have been investizated or taken into account The certified phase punty of the
material expressed as a mass fraction 1s:

Crystalline Alumma: 99.02% % 1.11%

The mterval defined by the certified value and its uncertainty represents an expanded uncertainty using k=2, m the
absence of systematic error [4,5]. The certified value of the phase punty may not exceed 100 %%, even though the
uncertainty error bounds define a range mn excess of 100 %. The measurand is the certified value for the phase purity
of the material (ahominz). Metrological traceabibity 15 to the 51 umit for the dermved unit of mass fraction (expressed
as a percent). The measurands are the certified lathce parameters histed in Table 1. Metrological traceabulity 15 to the
Sl umt of length (expressed as nanometers).

Information Values: The analyses associated wath cerbfication of SEM 6762 meluded the computation of the
diffraction line posittons shown m Table 2. Measured relative intensity values are shown in Table 3. These data are
presented as information values. An mformation value 15 considered to be a value that will be of inferest to the SEM
user, but insufficient information 15 available to assess the uncertainty associated with the value. Information values
cannot be used to establish metrological traceability.

Expiration of Certification: The certification of SEM 676a 1= vahd mdefinitely, within the measwement uncertainty
specified, provided the SEM is stored and handled in accordance with instructions given in this certificate (See
“Instructions for Storage™). Accordingly, penodic recalibration or recertification of this SEM 1s not required. The
certification 15 nullified 1f the SEM 15 damaged, contammated, or otherwise modified.

Crverzall coordination and techmical direction of the certification of this SEM were performed by J.P. Chne of the NIST
Matenals Measurement Science Division.

John A Small Choef
Matenals Measurement Science Division

Garthersburg, MD 20399 Fobert L. Watters, Jr., Director
Certificate Izsue Date: 04 November 2015 Office of Reference Materials
Cernyficate Revision History on Page §
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The matenal preparation, measuwrements, and data analysis were provided by ILP. Clme, I}, Black, I, Wmdover, and
A Hemuns of the NIST Materials Measuwrement Science Dhvision; FLB. Von Dreele of Argonne National Laboratory,
Argonne, IL; B Winbwn of Minot State University, Mmot, ND; P.W. Stephens of the State University of New York,
Stony Brook, WY, and the National Synchrotron Light Source, Brookhaven, MY .

Statistical analysis was provided by 1.7, Filliben and A M. Possolo of the NIST Statistical Enpmeenng Dinvision.

1. Evans of Thorham University, Durham UK developed a template for the mput files used m data analysis procedures
for certification of lathes parameters.

Support aspects wvolved m the 1ssmance of thus SEM were coordmated through the WIST Office of Reference
Matenals.

Mamtenance of SEM Certification: NIST wall momtor thes SEM over the pennod of s cerification. If substantive
techmical changes ocour that affect the certification, MIST will notfy the purchaser. Registration (see attached sheet
or register online) will facilitate notification.

INSTRUCTIONS FOR STORAGE

Storage: SEM 676a was bottled in an argon atmosphere. While no long-term stability studies have been performed,
no degradation of the diffraction properties of thus SEM have been observed when stored and used under laboratory
conditions. Furthermere, alumina 15 known to be a lughly stable oxide and 15 expected to remain stable after exposwe
to atmospheric conditons. However, the unused portion of this SEM powder should be stored, fightly capped., i the
onginzl bottle or m one of analogous integmity.

SOURCE, PREPARATION, AND ANALYSIS™
MMaterials: The material used for this SEM was obtamed from Batkowski International Cerporation (Charlotte, NC).

Phasze Purity: A long-count-time X-ray powder diffraction pattern of SEM 6762 will offer data consistent with a
high-purtty aluminz powder. However, the swrface region of any erystalline matenial wall not diffiact as the bulk due
to relaxation of the eryvstal structure and inclusion of surface reaction products. Whale this disordered, amorphous
surface laver mayv only be on the order of a few crvstallographic umts in thickness, in a finely divided solid ot can
easily account for severzl percent of the total mass. Phase punty as discussed herein 15 2 microstruchural characterishe
innate to 2 finely divided erystalline solid and mfluenced by the production lnstory of the alunina powder used as the
feedstock.

Certification Method: The cerified measurement values of SEM 6762 mnclude the crystalline phase purty and the
lathee parameters. The data that led to the cerification of phasze purity consisted of powder diffrachion measurements
performed on neutron fime-of-flight (TOF) and synchrotron radiation equipment. The lathce parameters were
ceriified with data from a NIST-bmilt H-ray diffractometer [6] located in the temperature-controlled environment of
the NIST Advanced Maasurement Laboratory (AML).

The phase punty was cerfified through an amalysis of the discrepancy between the results of powder diffrachion
experiments, which measure the mass ratio of material exhibiting Bragg diffraction, relative to weighing operations,
which include all components. The procedure invelved a companson of the phase abundance measured from a senes
of muxtures of SEM 6762 and hyper-pure silicon powder. The expenimental design included the assumptions that
(1) the sihicon consists of single crystal particles, (2) the non-Bragg-diffracting matenal associated with the sibeon
was confined to the crystallite surface, and (3) the amorphous laver thickness was invanant with respect to crystallite
size. Swystemafic vanation in the amorphous content of the silicon was then effected within the aforementionsd series
of muxtures by the selechon’vanaton of the paricle size (hence specific swface area) of the silicon powder. The
effects of extinction 1n the sihicon, which lead to distortions in observed diffiachion intensity, were addressed with use
of the neutron TOF and synchrotron X-ray powder diffraction at energies of 25 keWV and 67 keV, in conjunction with
the Fietveld data analy=is method [7]. For a complete discussion of the Rietveld method see references § and 9.
The mass fractions of erystalline silicon, determined from the Fietveld refinements, were plotted relative to the surface
areas of the sibicon of each sample. Anextrapolation of these data to a hyvpothetical (and physically impossible) siheon
sample that would have no specific smface area and, therefore, no amorphous content vielded the mass frachion of
SEM 676a that exhibited Bragz diffraction

) Certain commerrizl equipmeant, instruments, or materizls are identifisd in this certificats to adequately specify the
experimental procedure. Such identification does not imply recommendation or endorsement by the MNational Instmte of Standards
and Technology, nor does it imply that the materials or equipment identified are necessanly the best available for the porpose.
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The linkage of the certified lattice parameter values to the fundamental umt of length, as defined by the International
Systemn of Unats (SI) [10], was established with use of the emission spectrum of Cu Ko radiation as the basis for
constructing the diffraction profiles. Data were analvred using a fundamental parameters approach (FPA) [11]
wherein diffraction profiles are modeled as a convolution of functions that descnbe the wavelength spectrum, the
contmbutions from the diffraction geometry, and the sample contributons resuling from microstuctuwral features. 4
rigorous analv=is of data from a divergent-beam mstrument requires knowledge of both the diffraction angle and the
effective sowrce-sample-detector distance. Two addibional models must therefore be included mn the FPA analyses to
account for the factors that affect the distances criical 1o the use of this peometry. Ceriification data were analvezed
in the context of both Tvpe A uncertainfies, assigmed by statistical analysis, and Type B uncertamnties, baszed on
knowledge of the nature of emors in the measurements, to result in the establishment of robust uncertainties for the
certified values.

Certification Procedure: The procedure by which SEM 678z was certified with respect to phase purity 1= examuned
in Cline, ef al. [12]. Addional nformation concenung the charactenistics and use of SEM 676a, quantitative phasze
analysis, and the 15sue of amorphous content can also be found i thes reference.

Diata for the certificanon of lattice parameters were collected using a 2.2 kW copper X-ray tube of long fine-focus
geometry operated at a power of 1 kW, The sowrce size was approxmately 12 mm = 0.04 mm.  Axial divergence
of the meident beam was hmated by a 2.2° Soller shit.  Scattered X-rays were filtered with a graphite post-zample
moncchromator, and detected with a scinhllation detector. The vanable divergence slit was set nominally to 0.8
Al=o, a 2 mm ant-scatter shit was placed approximately 113 mm in front of the 0.2 mm (0.05%) recerving =hit. The
gomometer radms was 2175 mm  Samples were spun at 0.5 Hz during data collechon. The machine was located
within a temperature-controlled laboratory space where the nominal short-range control of temperature was = 0.1 K.
The mstument was controlled via LabVIEW software. Data were recorded in true x-y format. The performance of
the machine was qualified with the use of NIST SEM 660b Line Position and Line Shape Standard for Powder
Daffrachion [13,14] and SEM 6763 Alumina Powder for (uantitative Analy=is by X-Fay Diffraction using procedures
diseussed by Chne, o al. [6]. (Mote: Use of SEM 676z, as referenced in Cline, af al. [6], takes advantage of the
non-onentaiing nature of this alumina powder; 1t does not employ 1tz cerified values.)

Ten zammples of SEM 6762 were selected for cerhification measwrements 1n a stratified random manmer. The data were
collected from 10 selected regions; rmun-fime parameters for each region were adjusted with regards to observed
full-wadth at half-maxmm (FWHM) and diffrachon mtensity to optinnze data quality per umt time. The scanned
regions accessed all but two of the reflections with a relative infensity greater than 5 %o and within the 26 range of 20°
to 154°. The angular widths of the scan ranges were 20 to 30 tmes the observed FIWWHM values of the profiles and
were chosen to provide at least 0.3° 28 of apparent background straddling each peak. The step width was chozen to
melude at least enght data points above the FWHM. The count time spent on each profile was ivversely proportional
to the observed diffraction intensity to realize constant counting statistics amongst the profiles. The total collection
fime for each sample was about 24 hours.

The cernification data for lathee parameters were analyzed using the FPA methed with a Faetveld refinement as
implemented i TOPAS [15]. The analy=is uwsed the Cu Ko emussion spectrum, including a satelhite component, as
charactenzed by G. Holzer of al. and M. Maskil er al. [16,17]. Halzer models the Cu Eoay/Ko; doublet using four
Lorentmian profiles, two prmary ones, Koy, and Ko,,. and two secondary ones, Koy, and Ko, the latter twro are of
reduced mtensity and only serve to account for the asymmetry, towards lgh energy, observed in the spectrum. Duning
calibration of the instruoment using high-quality data from SEM 660b, the four Lorentzian breadths of the Cu emussion
spectmum were refined with constraints to pressrve the asymmetric profile shape as modeled by Hélzer, Thas anabrsis
accounted for the reduction in the FWHM values of the emmssion spectrum due to the non-umform band-pass of the
of graphite monochromator. The wavelengths and mtensities of the Ko, lines were also refined  again wath the values
of the K., and Kay, lines constramed to one another to preserve the asymmetric shape as modeled by Hilzer. Once
this analy=is had quantified the impact of the monochromator and vielded an appropriate set of breadths, they were
fixed for the subsequent analvses of SEM 6763, The wavelengths and intensities of the Ko; and satellite hmes were
refined with constraints applied to the Ko, lines as aforementioned. The other refined parameters mcleded scale factors,
second-order Chebyshev polynonual terms for modeling of the background the lathes parameters, terms mdicating the
positon and intensity of the “tube tails™ [18]. a Soller shit value in the “full” amal diverpence modal [19.20] (the axial
divergence of the incident and diffracted beams was constrained to be 1dentical), specimen displacement, an attenuanon
term, structural parameters, size-strain and micro-strain broademing terms of 2 Lorentzian profile, and a micro-strain
broademing term of a Gaussian profile. The verv shght level of texture was modeled with a 6th order sphencal
harmome.

Examination of the fit to the individual profiles revealed a discrepancy between the model and the observations in the
low-angle region. It 1s well known that low-angle profiles are more prone to error than high-angle lines as the optical
aberrations affecting their posihon are more complex Also, the reported lathice parameter 15 more strongly affected
SEM 6T6a Fage 3 of 7
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by angular emrors n the low-angle regron. The (012) hine was not used in obtaining the cerhfied parameters. The
thermal expansion of alumina as reported by Shvydko er al. [21] was used to adjust the lathce parameter to 225 *C.
A statistical model (bivariate Gaussian random effects model [22]) was used to evalnate the components of uncertamty
that reflect differences between samples of the material and the disparsion of the replicated values measured for each
sample. The resulting estimates of the lathice parameters are a=0475 935533 opm and ¢ =1299 23] lom  The
corresponding Type A evaluation of these components of measurement uncertainty was dene in conformity with the
GUM Supplement 2 [23], and yielded k = 2 expanded uncertaintias of 0000 000 61 nm and 0.000 002 7 nm for a and
c, respectrvely. However, the components of uncertainty that were evaluated by Type B methods must also be faken
inte account, and these are roughly one order of magmitude larger than those that were evaluated wsing statistical
methods (Type A). Data were considered in the context of the uniformity m latiice parameter as a function of 26 angle;
this, in fwn, would reflect the fimctionality of the FPA model. This consideration leads to an assignment of Type B
uncertainties of 0.000 008 0 nm and 0.000 015 nm for a and ¢, respectively. The certified lathice parameters and thewr
expanded uncertainties, Tvpe A compounded 1n guadrature with Tvpe B, are shown mn Table 1. Peak posihons were
computed from the certified lathice parameters for Cu Ko Fadiation, 3 =0.154 059 29 nm_ and are shown mn Table 2.

Table 1. Cartified Lattice Parameters of SEM 6762

Latnce Parameter Expanded Uncertainty

(nm) k=2
a 047509355 + 0.000 008 0
c 1.299 231 + 0.000 015

Datz for relafive infensity deterrmnations were collected from 10 randomly zelected specimens on 3 Siemens D500
diffractometer. This machme was equipped with a foruzing Ge meident beam monochromator, sample spinnerchanger,
and a quartz-wire posifion-sensitive proportional detector (PSD). The divergence sht was of 0.67° while the receiving
angle of the PSD was nopunally 4.5°. The PSD was also fitted wath a Soller shi of 2°. Calibration of the equpment was
performed using SEM 660a [24] and SEM 676 [25] using methods outlined in Chne, er al. [6]. Data were collected from
207 to 1547 26 wath a step wadth of 0.01° and a scan rate of 1° per munute. Dlata were analyzed with two methods using
two soffware packages, though the results from only cne are reported. The first procedure was to fit the profiles using
the =phit Pearson VII profile shape functon (PSF) as mmplemented within TOPAS. The second mvolved Fietveld
analyses via GSAS [26]. The background in both analvses was represented by a tenth-order Cheby=hev polynomial with
a l'x term. The refined parameters of the Fietveld analyses inclnded the scale factors, Gaussian and Lorentzian erystallite
size. and strain broadening = represanted by the GPF, L and LY terms of the Thompson-Cox-Hastings “Tvpe 37 profile
shape model [27], the “Tvpe 1™ polanzaton factor, sample shift and transparency terms, and stuctural parameters.
Profile terms GU, GV, GW, and the peak asymmetry parameters of the Finger model [28] were fixed at values obtained
from an analyms of SEM 6602 Relative mtensity data were extracted with the GSAS wility REFLIST, which uses the
observed structure factors, comrected for multiphicity and Lorentz-polanzation factor, to compute relative infensity values.
The observed stucture factors are determined from a background-subtracted summation of the counts in the peak
region of the raw data. The Fietveld analyses served to fit the background, deternine the peak cutoff angles, and the
ratio of the mtensity distributed between overlapping lines. Relative mtersity data cormelated to better than 1 % between
the two methods, which served to validate the results. Data are reported from the Fietveld analyses as these are judged
maore accurate because no PSF 15 used. The relative mntensities of SEM 676a and their expanded uncertanties, using the
k=2 factor, are shown m Table 3.
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Table 2. Peak Posiion Infoomation Vahies for SR 676a,
Lines Listed with a Relative Intensity =3 %, Computed Using Cu Ko Fadiation, & =0.154 039 29 nm

Eeflection Indices, Peak Pozition Reflection Indices,  Peak Posihon
bkl (26, dezreas) bkl (28, degrees)
012 25574 324 116.085
104 35.149 0114 116.602
110 37773 4140 117.835
113 43351 413 122.019
024 52.548 1310 1278671
116 57497 3012 129 870
214 66.513 2014 131.098
300 68.203 146 136.056
1010 T6.873 1115 142314
119 77.233 4010 145.153
22 84348 054 149185
0210 88004 1214 150.102
134 91.179 101s 150.413
226 95240 iia 152380
2110 101.070

Table 3. Information Vahes for Felative Intensity Data from SEM 676a

EReflection Indices, Felative Expanded Uncertainty

Lkl Intensity (k=12)
012 5706 0122
104 8841 T 0.254
110 3795 T 0112
113 100.0 —_—
024 4733 T 0075
116 9578 * 0.250
214 3774 * 0101
300 5749 T 0.157
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:"fﬂ K National dnstitute of Standards & Technology

oozt

Certificate of Analysis

Standard Reference Material® 674b
X-Ray Powder Diffraction Intensity Set
(Quantitative Powder Diffraction Standard)

Thiz Standard Feferemce Matenal (SEM) consists of fouwr oxide powders (Ze0, TiD,, Cr0y, and Ce0.), intended
primarily for use 2= mmternal standards for quanhtative X-ray diffrachion analysis. These four oxsdes offer a range of
linear attemmations for Cu-Ea radiation: 279 em™’ (ZnQ, wurtzite stuchwe), 536 em™ (TiQy, mtile shuchre),
212 em™ (Cr0y commndum stueture), and 2203 em ™' (CeQ, fluorite stueture) that allow the user to nominally mateh
the standard to the unknown in order to minmmze the effects of mucroabsorpton. A umt of SEM 674b consists of
approxmately 10 g of each powder, bottled n an argon atmosphere.

Material Dezeription: The powders consist of fine-graimed high-punty equi-axial grams that are ot in an aggregated
state. The mometnic form of the grains effectively eliminates preferred onentation effects i these powders. The
de-aggregated state of these matenals ensures the homogeneity of test mixtures prepared by corventionzl methods.

An analysis of the lathce parameters and phase fractions determuned from M-ray powder diffraction datz collected
from mixtures of SEM 8740 and SEM 676 [1] indicated that the SEM material was homogeneous with respect to
diffraction properties.

Certified Value: and Uncertainties: The certified phase purity of these matenals, expressed as a mass fraction 15
given in Table L

Table . Certfied Phaze Punty Mass Frachions

Crystallme Component Phase Purity (%)
Zn0 9528 = 064
Tidy, 8947 * 062
Cr:0s 9591 * 0860
Cely 9136 t 053

The mterval defined by the cerified value and its uncertamty represents an expanded uncertainty usmg k =, whera ¢
1z the approprate 2-sided 95 % confidence interval coefficient, m the absence of systematic eror [2,3]. The
uncertainty reported does not mechide that of the phase punty deternunation of the standard used for ths
ceriification, SEM 676,

Expiration of Certification: The certification of SEM 674b 15 vahid mdefinitely, within the uncm‘tla.im"_l.r specified,
provided the S5EM 15 handled and stored in accordance with the imstuctions given m this cerfificate
(see “Instuctons for Handling, Storage, and Use™). Accordingly, penodic recalibration or recertification of ths
SEM 1= not required. The certification 15 nullified if the SEM 15 damaged. contaminated, or otherwise modified.

Maintenance of SEM Certificaton: NIST will monttor this SEM over the pemod of its cerhficabon If
substanfive technical changes occur that affect the cerinficanon, NIST will notfy the puwrchazer. Registrabion (see
attached sheet) will facihitate notficabnon.

The technical dwechon and overall coordination on the ceriification of this SEM were provided by IP. Clime of the

HIST Ceramiecs Division.

Diebra L. Eaiser, Chaef
Ceramies Division

Garthersburg, MD 2089% Robert L. Watters, Jr., Chaef
Cerificate Issue Date: 13 March 2012 Measwrement Seraces Division
Certificate Revision Histary om Last Page
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The material preparation, measurements, and data analysis leading to the certification of this SEM were performed
by BELS Wmbum of Minot State Umversity (Minot, ND), JP. Cline of the NIST Cerammes Division, and
E.B. Voo Dreele of Argonne National Laboratory (Argonne, IL).

Statistical analy=is was provided by 1], Filliben and I. Aviles of the NIST Statistical Engmeenng Diasion.

Support aspects mwvolved m the 1sswance of this SEM were coordinated through the NIST Measurement Services

Dasion
PREPARATION AND ANALYSIS"

Matertalz: The Zn0 and Ti0:; powders of SEM 674b were obtaired from Alfa Aesar (Ward Hill, MA) and Cr:0: and
Ce(), powders were obtained from Cerac Inc. (Milwankee, WT).

Certification: The oxide powders of this SEM were cerified with respect to the mas: fraction of matenal that
exhibits Bragg scattenng m comrespondence to their crystal struchure, or phase punty. The certification procedure
utilized Quantitzove Fietveld Analyses (QEA) [4] (for a complete diseussion of the Fietveld method, zee [5,6]) of
neutron tme-of-flight (TOF) diffrachon measurements 1n conjunction with the use of SEM 676 as the infernal
standard This procedure referenced the phase punty of SEM 674b agamst that of SEM 676. The basis of the
method rests on an analysis of the discrepancy between the results of powder diffraction expenments, whach
measure the mass of matenial exlubitmg Bragg diffiaction, relative to weighing operations, which include all
components.

The consideranion of a long-count-time X-ray powder diffrachion pattern may indicate that the sample 15 a
high-punty powder, 1.2, no peaks from impurity phases and a background that 15 consistent with confmbufions of awr
scatter from the incident beam and thermal diffuse scatter from the sample. However, the swface region of any
crystalline matenial will not diffract as the bulk due to relaxation of the erystal structure and melusion of swface
reaction products. While this surface layer may only be on the order of a few cryvstallographic umits m thickness,
a finely divided solid it can easily account for several percent of the total mass. The charactenzation of “phase
purity” or “amorphous content” discussed herem 1= not in the comtext of a3 mechamcally separable impunty phaze,
but it 15 2 microstructural characteristic mnate to the chemistry and the production history of the SEM feedstock.

The QFA of laboratory, divergent beam H-ray powder diffraction (XFFD} data displaved a systematic bias of less
than 2 %; however, thess results were as precise as those deternuned from the TOF data. Therefore, the certtfied
phaze composition was determined from the TOF data whale the homogenerty of the SEM matenal was venfied with
Rietveld analyses of XEPD data. It should be noted that the mechamism indueing this bias 15 not operative m
Reference Intensity Ratio (RIR) based methods [7] (for a complete dizcuszion of RIE methods, see [E]). The
reported, non-certified, latiice parameters were from the aforementioned Faetveld amalyses of the XEPD data.
While the X EPD data suffer from cent ration and penetration errors and, therefore, are not metrological in nature; a
limkage 1= nonetheless establizshed between of the reported lathce parameters and the X-ray emission spectrum of Cu,
establishing a qualified tracezbility to the International System of Unats (ST} [9].

Ten bottles were selected from the population in accordance to a strahfied random protocol. Samples taken from
two botiles were combined and admixed with SEM 676 at the 50 % level to vield a total of five zamples for TOF
neutron diffraction analysiz. TOF data were obtamed on the High Intensity Powder Diffractometer (HIFDY) at the
Mamoel Lujan, Jr., Newtron Scattering Center (LANSCE) (Los Alamos, NM). The samples were contamed m
9.5 mm diameter by 50 mm long vanadium cans dunng the analysis. Each sample was exposed to the newtron beam
for 1.3 h wath the LANSCE sowrce operating at 70 p& proton beam cumrent. Data wsed for this cerification were
ohtamed from detector banks positioned at T 153° 28 covering a d-space range of 0.05 nm to 048 nm.  The run
order was randomized on an informal basis.  Rietveld refinements uwsing the General Structure Analvsis
System (GSAS) [10] of the phases in these samples meluded: scale factors, lathee parameters of the SEM 674b
materials (those of SEM 676 were fixed at the cerified values) a profile shape funchion term reprezenting Lorentzian
peak broadenmg [11], atomic positonal and thermal parameters, a term for the diffractometer (DIFC), an absoiphion
comrection term, and six terms of a background funchon descnbing the effects of thermal diffuse and meoherent
scattering.  The amorphous phase content was determined from the mass fraction ratio determined from the
diffraction experiment relative to that of the weighing operation, with the latter ratio being comected for the knowm
phaze purtty of SEM 676,

H-ray diffraction data for homo generty testng and lathice parameter determmnation were collected on two specimens
removed from each of the ten aforementioned bottles. These specimens also had SEM 676 admixed with them in a

' Certain commescial equipment, instumentstion or materials are identified in this certficate to adequately specify the
experimental procedure. Such identification does not imply recommendation or endorsement by NIST, nor does it imply that the
materials or equipment identified are necessarily the best available for the purpose.

SEM 674b Page 2 of 5

149



50:50 mazs ratto. These XEFPD data were collected on a Siemens D000 diffractometer equipped with a sample
spimner, graphite post monochromator and scinhillation detector. Copper K@ radiation (& = 0.134 059 29 nm) was
used [12]. The scan range was from 20° to 155° 26 with a step width of 0.02° and 2 count time of 3.5 s/step. The
divergence sht width was 0.85%; 2.3° incadent Soller shits and a 0.05° receiving slit were used. The instrument was
cabbrated using SEMM 660z [13] m conjuncoon with the Fundamental Parameters Approach [14] prior to data
collection. For homogenerty testing, lattice parameter determination and microstructural charactenzation, the XEPD
data were analvzed via the Fundamental Parameters Approach for Fietveld analvses az mplemented i TOPAS,
Bruker AXS GmbH [15]. Data analysis used the copper Koy/Ed: doublet descnibed by G. Hélzer, et al [12] with a
satelhite component Amxal divergence was accounted for m using the “full” amal divergence model [16]. The
refined parameters mchided the scale factors, a background represented by a fifth order Chebyzhev polynomaal wath
a 1/x term, the lathce parameters of the SEM 674b matenals, the infensities and positon of the Ko and satellite
components of the copper Ko emussion spectrum. terms indicatmg the posthon and mmtensity of the “tube tails™ [17],
the secondary Soller shit value in the “full” axial drvergence model, specimen displacement, attenuation, and size
and stram (when relevant) terms. The reported crystallite size 15 a volume-weighted dimension, 1.e., Schemer
equation, determmined from the breadth of 2 Lorentman profile following the 1/zos0 relation convoluted with the
instrument component. The reported strain value, (Ad/d)y,,. was determuned from the breadth of a Lorentzian profile
following the tanf relation conwoluted with the instrument component. Assuming the major scurce of stram 1s
dizlocations, the root-mean-square (BRI S} strain 15 80 % of the quoted strain value [18]. Addihonzl data, usmmg the
aforementioned instrument and confiswration, were collected from three unaltered specimens of each of the SEM
matenals for determination of the relatrve wtensity values. The I [19] (for a complete disenssion see [8]) and
relative mtensity values were determuned by profile fiting of all peaks within the angular range of 20° to 70° 20
using the Fundamental Parameters Approach refinement of the non-stmctural terms as described above.

INSTRUCTIONS FOR HANDLING, STORAGE, AND USE

Storage: SR 674b was bottled under an argon atmosphere to protect against humidity. Although there have been
no long-term stabibity studies on this SEM, the owxides of which it i= composed are known to be a stable mn the
ambient conditons of a typical laboratory. It 15, therefore, believed that this SEM 15 stable after exposure to
atmosphere. It 15, nonetheless, recommended that the wnused porhon of the powder be stored m 2 fightly capped
container such as the onginal bottle or in 2 manner to afford simlar or greater protection agamst humidsty.

Information Values and Uncertainties: NIST mformation values are considered to be of interest to the SEM user,
but are not certified because the measurements are not traceable to the 51, or cnly a houted number of analyses were
performed which disallowed mmparting plansible uncertainhies to the measured values. The mformahon values
determined from the aforementioned analyses of XEPD data are presented in Tables 2 through 5. The particle size
distnbutions, determuned from a dise centrifuge analyzer, are given m Table 6. The interval defined by a value and
1tz uncertamty 1= a 95 % confidence mterval for the tue value of the mean in the abzence of systematic emor.

Table 2. Informaton Values of Lathee Parameters of SREM 6740

Component a (nmy) ¢ (T}

EnQ 03249897 L 0.00000038 0.520653 % 0000035
Ti0, 04593927 % 0.0000044 0.2058875 % 0.000 0032
Cr,05 04958979 % 00000027 1.359592 = 0.000 010
Cely 035411651 % 0.000000359 -—

Table 3. Microstructural Parameters for SEM 6740

Component Crystallite Size L (om) Microstrain
Zn0 014 = 25 —
T, 2816 £ 99 0064 = 0.002
Crz0: 3802 = 144 0045 = 0.001
Cel, 3806 £ 45 -
SEM 674b Page 3 of 5

150



bkl

100
002
101
102
110
103
200
112
201

bkl

012
104
110
00e
113
202
024
11s
122
214
300
1010

SFM 674b

Axngle

3178
3441
3635
4753
56.59
62185
6637
6794
69.08

Angle
2452
33.62
3622
38.77
41.50
4422
50.24
34.86
58.42
63.48
65.13
71295

Table 4. 1T, Vahes for SEM 674b

Component

Zn0
TiO,

Crz0:

Celd,

It
495 £ 001
44 £ 00l
197 £ 002
1236 £ 009

Table 5. Eelative Intensity Vales of SEM 674b

Zn0
Rell (%)
6130 £ 234
3724 + 210
100.0 —
2229 + 0.66
ITT2E 144
3028 + 1.14
525 + 0.4
27.13 + 0.12
1412 + 032

Cr:0,

Rell (%)
6671 = 171
100.0 —
8127 + 478

736 £ 093
3164 = 0.60
524 % 035
3964 = 1.10
9642 = 0.64
817 £ 0.74
31.06 = 155
3931 * 143
20.88 * 153

Maszs Percent
Less Than (pm}

10 %
16 %
30 %
84 %
20 %

Zn0y

022
0.23
0.58
1.15
1.55

bkl

110
101
200
111
210
211
220
002
ilo
jol
112

bkl

111
200
220
311
1212
400

Components
Tlog CI;U;
041 0.34
0.55 0.38
0.53 0.36
1.38 1.05
1.66 145

151

Table 6. Particle Size Data for SEM 674b Determuned Using a Disk Cenmfuge Analyzer

Td,
Angle FelI (%)
2745 100.0 -—--
3609 3770 £ 150
3920 396 & 012
4125 1870 £ 048
4405 T46 £ 025
5432 5514 £ 1.58
56.63 1748 £ 031
6276 694 T 040
64.05 £03 £ 021
69.00 1941 £ 062
62 80 895 £ 0.58
Cel,

Angle Bl I (%)
2861 100.0 -
33.14 2721 £ 046
4754 5421 £ 036
5639 4358 £ 0.60
3914 £29 © 038
69 46 803 £ 025

CEDI

0.53

0.63

1.13

1.91

218
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Certificate of Analysis

Standard Reference Material® SRM 2686
Portland Cement Clinker

This Standard Reference Matenial (SEM) is intended for use m evalnating methods of phase abundance analysis of
major phases in cement clinkers: the percentages of alite (C:5)), belite? (B-C.5), aluminate (C:A), femite (C,AF),
and penclase (M), Each umt consists of three hermetically-sealed containers of approximately 10 g each of crushed
portland cement clinker. The matenals selected for SEMs 2686, 2687, and 2688 differ widely in phase abundance,
crystal sizes, and distribution of erystals [1.2].

Certified Values: The certfied values for SEM 2686, expressed as mass fractions, are provided i Table 1. A
MIST certified value is a value for which NIST has the highest confidence in 1ts accuracy, m that all known or
suspected sources of bias have been investizated or accounted for by NIST. The certified values listed are based on
the results of analyses performed at NIST using quanfitative X-ray powder diffraction (QXED) and from optical
microscopy point count analyses conducted by both Construction Technology Laboratories, Inc. I:CTL}3 and ASTM
C 1.23 Microscopy Tazk Group (MPC) [3.4]. The MPC analyses followed ASTM C 13560 [5] and the QXED used
Feitveld refinement of powder diffraction data [6,7].

Samplng for the X-ray study allowed assessment of within and between vizal homogeneity and found the materials
to be homogeneous. The uncertamty histed with each value 15 an expanded uncertainty, with coverage factor 2,
caleulated by combining a2 between-method vanance [3.9] with a pocled. within-method vanance following the
ISOVNIST Guide [10].

Informational Values: Information values for SEM 2686, expressed as mass fractions on an as-recerved basis, are
provided in Table 2. Information values are noncertified values with no uncertamnty assessed that are provided for
information purposes only.

Expiration of Certification: The certification of this SEM 1z vahd, within the measurement uncertzinfies
specified, until 01 December 2007, provided the SEM 1: handled and stored in accordance with the instructions
given in this certificate (see Use and Handling). However, the certification will be nulhfied if the SEM iz damaged,
contaminated, or othervise modified.

Coordination of technical measurements for certification was accomplished under the direction of P E. Stutrman of
the NIST Bulding Matenals Division. Analvtical measurements for certification of this SEM were performed by
PE. Stutzman of the NIST Bwmlding Matenals Division, D. Campbell of CTL, Skokie, IL, and ASTM C 1.23.01
Task Group on Microscopy Methods.

Statistical consultation for this SEM was provided by 5 D. Leigh of the NIST Statistical Engineermg Division.

Support aspects involved m the preparation, certification, and issuance of this SEM were coordinated through the
MIST Standard Feference Matenals Program by B.5. MacDonald.

Geoffrev Frohnsdorff, Chief
Building Matenals Division

Gaithersburg, MD 20859 John FEumble, Ir., Acting Chief
Certificate Issue Date: 04 February 2002 Standard Reference Matenals Program

' Cement chemist's notatien: C = Cal, 5= 5, A=AlDy. F=Fely M=Mgl.

“Belite is the B crystalline form of dicalcium silicate, C25.

"Ceram commercial OfZAnizations, services, equipment, or materials are identified in this cernficate o specify adequarely the
experimental procedure. Such identification dees not imply recommendation or endorsement by the National Instirate of Standards and
Techmolozy, nor dees o imply that the organizations, services, materials, or equipment identified are meceszanly the best awailable for the
purpazs.
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Stability: This matenal 15 considered to be stable dunng the pencd of cerification. MNIST will monitor this
material and will report any sizmificant change: m cernfication to the purchaser as mentioned at the end of tas
document.

Source and Processing: A porton of the bulk maternal used for SEM 2686 had been used to make approxmmately
2500 v1als of W 8486 Portland Cement Clhinker released m 1989, Details of the oniginal processmg of this bulk
matenal are provided mn the Report of Investgation for BA 8486 [1]. In 2000, the remaiming bulk matenal was
dinided by the spmming nffler techmique mto vials contaming approximately 10 g each and capped. Each vial was
sealed in a foil bag and subsequently 1zsued i sets of three vials as SEM 2686.

Usze and Handling: Cement clinker 15 hygroscopic and storage over desiceant 1= recommended to mimmize the
effects of exposure to humudity. Changes m the appearance of the etched swrface of polizhed sections, particularly
the appearance of fiee lime, 1if present, which hydrates to epe=nite {(caleium hydroxide) indicate change due to
molsture exposure. Epezite exhabifs a popeorn-like texture and high topographic rehef For XED analvsis, the
presence of caletum hydroxide or calemum carbonate may be taken as an mdication that meoisture has altered the free
lime. For XED powders, heat-treating to 450 “C converts caleinm bydroxade back to free lme without other
alteration.

Table 1. Certified Values for SEM 2686

Major phaszes in cement clinker, expressed as mass fractions (in %), with mean and expanded uncertamty (=2 u,)
at an appro;mate confidence level at 95 % [9,10].

Phasze Masz Fraction
(%)

Ahte 586 = 40

Belite 2313 = 28

Fermte 14.1 + 14

Alyminate 23 = 21

Penclaze i3 = 19

Table 2. Informational Values for SEM 2686

Elemental constituents determined by X-ray fluorescence spectrometry [1] and expressed as the chemical forms and
in the order ziven in ASTM C 11400, Section 3, Table 1 [12].

Constitwent MMass Fraction Constitwent Mass Fraction Constitwent  Mass Fracthion
(*a) (*a) (e}
5105 2248 Mg 473 T 025
AL, 4.70 50, 027 B0, 0.06
Fe, 0. 3.60 Ma, O 0.10 Min, 0, 0.10
Cal 63.36 E.0 042 Sr0 0.05
LOL 016

Free Lime (mass frachion): 0.3 %*
*Based on optical microscopy and atomic absorption analysis of an ethyl acetoacetate extraction

Caleulated Compounds Mass Fracton

(per ASTM C 150-98) (%)
€55 50
C:5 27
C.A 6
C.AF 11
SRM 2686 Page 2 of 3
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f"ﬁf ¥ National Institute of Standards & Technology
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Certificate of Qltﬂ[gﬁtﬁ

Standard Reference Material® 2687
Portland Cement Clinker

This Standard Reference Matenal (SEM) 15 mtended for use in evaluating methods of phase abundance analysis of
mazjor phases in cement chinkers: the percentages of alite (C35}1: belite {C,5), alnminate (C;A), ferrite (C AF), and
arcanite (K,50;). A umt of SEM 2687 consists of three hermetically sealed vials, each containng approximately
10 g of crushed portland cement clinker. The matenals selected for SEMs 2686a, 2687, and 26388 differ widely in
phase abundance, crvstal sizes, and dismbution of crystals [1,2].

Certified Values: The certified values for SEM 2687, expressed as mass fractions, are provided m Table 1. A
MIST certified value 15 a value for which NIST has the highest confidence in 1ts accuracy, in that all known or
suspected sources of bias have been mmvestigated or taken into account [3]. The certified values listed are weighted
averages, the results of analyses performed at NIST using quantitative X-ray powder diffraction (QXEED),
point-counting of scanning electron microscope backscattered electron mmages, and data from an ASTM
interlaboratory study that used the SEM chokers [4]. The QXED used Reitveld refinement of powder diffraction
data [3.6].

Samplng for the X-ray study allowed assessment of within-and between-vial homogeneity and found the materials
to be homogeneous. The uncertamty listed with each value 15 an expanded uncertainty, ['= ku,. with coverage
factor k=2, calculated by combining a between-method vanance [7] with a pooled, within-method varianee followmgs
the IS0 Guide [8].

Information Values: An information value 15 considered to be a value that will be of mterest to the SEM user, but
insufficient infermation 15 availlable to assess the uncertamty associated with the vahue [3]. Bulk oxide values
determined by X-ray flucrescence and loss on igmifion are provided im Table 2. Caleulated compounds per
ASTM € 150-07 are provided in Table 3.

Expiration of Certification: The certification of SEAL 2637 15 valid, within the measuwrement uncertaimnty specified.
untl 01 December 2015, provided the SEM 15 handled m accordance with instructions given i this certificate (see
“Instructions for Use™). The certification is nullified 1f the SEM 15 damaged, contammated, or otherwise modified.

Maintenance of SEM Certification: NIST will monitor this SEM over the penod of its certification If
substantive technical changes ocour that affect the cerification before expiration, NIST will notify the purchaser.
Fegistration (see attached sheet) will famlitate notification.

The overzll direction and coordmation of the analytical measurements leading to cerification were performed by
PE. Stutzman and . Lespinasse of the NIST Construction Matenals Dinision.

Statistical consultation for this SEM was provided by 5.D. Leigh of the NIST Statistical Engmesring Division.

Support aspects involved with the cerhfication and issuance of this SEM were coordinated through the NIST
Measurement Services Division.

Jonathan W. Martin, Chuef
Matenals and Construction Research Division

Gaithersburg, MD 208599 Fobert L. Watters, Ir., Chief
Certificate Issue Diate: 14 December 2010 Measurement Services Dinision
Certificate Revision History on Last Page

!Cament chamist's potation: C = Cald, 5= 50, A=Al:0:, F=Fe:Ds.
SEM 26587 Page 1 of 3
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INSTRUCTIONS FOE USE

Uze and Handling: Cement chinker 1z hyvegroscopic, so storage over desiccant 15 recommended to mimmize the
effects of exposuwre to humidity. Changes in the appearance of the etched surface of polished sections, particularky
the appearance of fres lime, which hydrates to epemite (caleium hydromde), mndicate change due to moisture
exposure. Epezite exhibitz a popcom-hke texture and high topographic relief For 2RD analyzis, the presence of
caleium hydrozude or calemm carbonate may be taken as an indication that moistare has altered the free lime. For
HED powders, heat-treating to 430 “C converts caleium hydroxide back to free hme without other alteration.

Table 1. Certified Values for Phase Abundance (Mass Fraction in %) of SEM 2687 [2-8].

SEM 2687 | Alite Belite Aluminate Femite Arcanite
Mdean 71.24 12.57 11.82 281 0.92
i 1.27 1.22 1.03 0.68 0.15

Tzble 2. Information Values for Bulk Chenwstry Mass Fractions by X-Fay Fluorescence [1] and Loss on Ignition

{LOT).
Slﬂ; A.I:[:h ].:E;':Jg Caly I‘u'igD ED; Na.;ﬁ K;G TID: PzD!_ I’r:[.'l:l.:D;, Sr0 Lol
2143 5353 198 6720 148 0.83 0.14 072 027 0.29 0.04 011 017
Free Lime {Mass Fraction)™
22%
"' Basad on optical microscopy and stomic shsorption anslysis of an ethyl acetoacetsts exraction
Table 3. Information Vahles for Caleulated Compounds per ASTM C 150-07.

Phaze Mass Fraction (%a)

alite 683

belite o5

alummate 11.3

ferrite 6.0

Page 2of 3
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Certificate of Analysis

Standard Reference Material® 2688
Portland Cement Clinker

This Standard Feference Matenzl (SEM) 1s mtended for use in evaluatng methods of phase abundance analy=is of
mazjor phases m cement clinkers: the percentages of alite (C3S:Il, belite {C,5), aluminate (C54), and fermte (T AF).
A unat of SEM 2683 consists of three hermetically sealed wials, each contaiming approximately 10 g of crushed
portland cement ehinker. The materials selected for SEMs 2686a, 2687, and 2688 differ widely m phase abundance,
crystal sizes, and distnbution of ervstals [1.2].

Certified Values: The cerified values for SEM 2688, expressed as mass frachons, are pr-:m.ded m Table 1. A
MIST certified value 15 a value for which MNIST has TJ:LE highest confidence in its accuracy, in that all known or
suspected sources of bias have been imvestigated or taken mto account [3]. The certified values histed are weighted
averages, the results of analyses performed at WIST using guantitatrve X-ray powder diffraction (QXED), pomt-
counfing of scannmg electron microscope backscattered electron 1mages, and data from an ASTM interlaboratory
study that used the SEM chinkers [4]. The QXED used Fertveld refinement of powder diffraction data [3,6].

Sampling for the X-ray study allowed assessment of within-and between-vial homogeneity and found the materials
to be homogeneous. The uncertainty histed with each value 15 an expanded uncertainty, U= ku,.. with coverage wath
coverage factor k=2, calculated by combining a between-method vanance [7] with a pooled, withm-method vamance
following the IS0 Gude [£].

Information Values: An information value 15 considered to be 2 value that will be of mterest to the SEA wser, but
insufficient mformation 15 available to assess the uncerfamnty associated with the value [3]. Bulk oxide values by
He-rav fluorescence and loss on 1gnition are provided m Table 2. Caleulated compounds per ASTM C 150-07 are
provided o Table 3.

Expiration of Certification: The cerhficahon of SEAL 2688 1= valid, wathin the measurement uncertamty specified,
untl 01 December 2015, provided the SEM i handled in accordance with instuctions given in this certificate (see
“Instructions for Use™). The certification 1= mullified 1f the SEM 15 damaged, contanmnated, or otherwise modified.

Maintenance of SEM Certification: NIST will momitor this SEM over the penod of its certification. If
substantive techmeal changes oceur that affect the certification before expiration, MIST will nonfy the purchaser.
Registration (see attached sheet) will facilitate nonfication.

The overzll direction and coordmation of the analyhcal measuwrements leading to ceriificabion were performed by
P E. Stutzman and G. Lespinasse of the WIST Construction Matenals Division.

Statistical consultaton for this SEM was provided by 5.D. Leigh of the NIST Statishcal Engmeening Dinvision.
Support aspects ivvolved with the cerhfication and 1ssnance of this SEM were coordinzted through the MNIST

Measurement Services Dinision.

Jonathan W. Martin, Chief
Matenals and Construchion Research Dinision

Gaithersturg, D 20299 Fobert L. Watters, Jr., Chief
Certificate Issue Date: 16 Apnl 2010 Measurement Services Dsion

See Cargficate Revizion Hirtary on Last Page

! ament chemist’s notation: €= Cal, 5 =50, A=Al:0: F=Fe:Ds
SR 2688 Page l of 3
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INSTRUCTIONS FOR USE

Uze and Handling: Cement clinker 15 hygroscopic, so storage over desiccant 15 recommended to mummmze the
effects of exposuwre to humndity. Changes m the appearance of the etched surface of polished sections, particularky
the appearance of free lime, which hydrates to epemite (calcium hydroxide), mmdicate change due to moisture
exposure. Epezite exhibats a popeom-lhike texture and high topographic rehief For XED analysis, the presence of
calemm hydroxide or calemm carbonate may be taken as an mmdication that moisture has altered the free lime. For
HED powders, heat-treating to 430 “C converts calcium hydroxide back to free hme without other alteration.

Table 1. Certified Values for Phase Abundance (MMass Fraction in %o} of SEM 2688

SEDM 2688 | Alrte Belite Aluminate Femte
Mean 64.95 17.45 4.99 12.20
o 1.04 096 0.50 0.84

Table 2. Information Values for Bulk Chemistry Mass Fractions by X-Bay Fluorescence (XEF) [1] and Loss on
Tzmtion (LOT).

S0,  ALO; Fe0; Cad  Mg0 50, Na,0 K0 T, PO, Mo0, 50 LOI
2268 490 4.07 66.50 098 0.31 0.11 035 0.24 0.08 0.03 013 021

Free Lime {Mass Fraction)™
0.2 %

™! Basad on optical microscopy and atomic shsorption analysis of an sthyl acetoacetate extraction.

Table 3. Information Values for Calenlated Compounds per ASTM C 150-07.

Phasa sz Fraction (%5)
alite 587
belite 20.7
aluminate 6.1
ferrite 12.4
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