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Abstract
Concrete cores were obtained fromhouses in eastern Connecticut, USA, that had
varying degrees of crumbling foundations and wall cracking. Electron backscat-
ter diffraction (EBSD) was used simultaneously with energy dispersive X-ray
spectroscopy to investigate the degradation of these samples. This combination
allowed the precise correlation of elemental composition with mineral crystal-
lography phase mapping. EBSD examination showed the presence of pyrrhotite,
pyrite, and marcasite phases in some of the samples, whereas internal sulfate
attack (ISA) is triggered by the release of sulfates through the oxidation of such
iron sulfides. Secondary expansion products from ISA are associated with foun-
dation cracking, wall bulging, and drastically decreased structural stability. The
main contribution of this study is therefore an automated procedure for prepa-
ration of concrete samples and analysis of aggregates using EBSD.
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1 INTRODUCTION

Concrete is the most widely used construction material
worldwide. Apart from residential homes, concrete is also
abundantly applied for the construction of bridges, high-
ways, and skyscrapers. It is therefore necessary to ensure
the durability of such vital structures. However, a main
cause for the premature degradation of concrete structures
has been linked to internal sulfate attack (ISA).1–5 ISA is
a process, which is triggered by the oxidation of sulfide-
containing aggregates in concrete releasing free sulfate
ions. These free sulfate ions then react with the present
phases in hardened concrete to form expansive secondary
products like gypsum, delayed ettringite or thaumasite.
Pyrrhotite (Fe1−𝑥S, 0 ≤ 𝑥 ≤ 0.125) is second to pyrite

(FeS2) the most common source of iron sulfide in
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natural aggregates.6 Even in small amounts (< 1wt%),
pyrrhotite can lead to catastrophic concrete material
deterioration.2,7,8 Volume expansion from the oxidation of
iron sulfides induces stress, which can cause the formation
of cracks throughout the concrete. This compromises the
material strength and ultimately the structural integrity,
for example, of basement walls.4,9–11 As a case in point, a
recent study reported that the compressive strength of con-
crete may decrease by 27–100% due to ISA.4
Oxidation of an iron sulfide such as pyrrhotite or pyrite,

in the presence of water and oxygen, produces sulfuric
acid as shown in Equation (1). This is a primary phe-
nomenon that starts a series of destructive secondary reac-
tions in hardened concrete.5 Sulfuric acid is a key reac-
tant in the formation of expansive gypsum. As detailed
in Equations (2) and (3), gypsum can be formed from
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either a reaction of sulfuric acid with calcite in carbon-
ate aggregates or from a reaction of sulfuric acid with
portlandite.5

FeS2 +
15

4
O2 +

5

2
H2O⟶ FeOOH + 2H2SO4, (1)

H2SO4 + CaCO3 + 2H2O⟶ CaSO4 ⋅ 2H2O + CO2, (2)

H2SO4 + Ca(OH)2 ⟶ CaSO4 ⋅ 2H2O. (3)

Another common secondary reaction that leads to
ISA is the formation of secondary (delayed) ettringite
(3CaO ⋅ Al2O3⋅3CaSO4 ⋅ 32H2O), which is also expansive
and has been associated with concrete degradation.4,11 As
illustrated inEquation (4), the reactants are gypsum,water,
and aluminates (3CaO ⋅ Al2O3) in the concrete matrix. In
the presence of a carbonate and silicate ion source, thaum-
asite is also formed.2,12,13

3CaSO4 ⋅ 2H2O + 3CaO ⋅ Al2O3 + 26H2O

⟶ 3CaO ⋅ Al2O3 ⋅ 3CaSO4 ⋅ 32H2O. (4)

It is important to note that secondary ettringite forms
later in hardened concrete after most of the primary
ettringite has already decomposed to monosulfate and
gypsum.3,5,14,15
The problem of premature concrete degradation due to

ISA has been reported from several countries around the
world, including the United States,11,16 Canada,17 Spain,8,18
Switzerland,7 and South Africa.19 The present study par-
ticularly investigates this problem in eastern Connecti-
cut, USA. For more than 25 years, foundations of thou-
sands of homes in this region were constructed with
concrete that had pyrrhotite-containing aggregates from
a local quarry.4,16 Temperatures in eastern Connecticut
reach average lows of about −8◦C in winter, and average
highs of 28◦C in summer.
Since pyrrhotite is one of the most destructive sources

of sulfide ions in aggregates, it is necessary to estab-
lish a reliable and efficient procedure to investigate con-
crete for aggregates that cause ISA. Techniques that
have been used to study ISA of concrete include X-
ray diffraction (XRD),20 X-ray fluorescence ,4 scanning
electron microscopy (SEM),11,12 and energy dispersive X-
ray spectroscopy (EDS).4 Of these techniques, XRD is
the oldest and most commonly used one for analyz-
ing mineral phases.4,5,20,21 However, a common disad-
vantage of XRD is its inability to detect low-phase con-
centrations (< 5wt%), especially in very heterogeneous
materials.4,12,17,21,22 Therefore, XRD is insufficient for the
comprehensive characterization of a deleterious mineral
like pyrrhotite in concrete aggregates. By contrast, elec-

F IGURE 1 A schematic of the equipment setup showing the
simultaneous use of EDS and EBSD detectors in the SEM

tron backscatter diffraction (EBSD) provides high spatial
and angular resolutions of 20 nm and 0.5◦, respectively,
and can be automated to obtain reliable statistical repre-
sentation of the materials.22–26 Moreover, an EBSD detec-
tor can be installed in common scanning electron micro-
scopes and applied in conjunctionwith the EDS detector as
illustrated in Figure 1. These attributes give EBSD a unique
position in reliably characterizing and locally quantifying
pyrrhotite in concrete.
Studies on concrete often require a simultaneous exam-

ination of multiple phases with varying hardness, which
poses a challenging need for an enhanced sample prepa-
ration method. Moreover, the choice of sample prepara-
tion affects the quality and readability of EBSD results.27
Traditionally, sample preparation (grinding or polish-
ing) and indexing of crystal orientations were performed
manually.28 However, manual methods are not only
tedious but lead to variant results based on the user.
This study presents the automated sample preparation and
indexing of EBSD crystal orientations. A vibratory polish-
ing step was included because it previously improved the
quality of EBSD patterns significantly.22,29
In previous studies, EBSD was applied to study the

expansion-induced cracking caused by alkali silica reac-
tions (ASR).25,26 ASR and ISA are currently the two
main causes for the expansion of concrete structures.3
ASR is predominant in concrete with aggregates con-
taining amorphous silica, while ISA is more prevalent
in concrete with aggregates containing iron sulfides like
pyrrhotite and pyrite. In a recent study, EBSD was utilized
to characterize aggregates that were at risk for ASR by
measuring quartz grain boundaries and crystallographic
misorientation.25 It was demonstrated that in a high pH
environment like concrete, the dissolution of deformed
quartz occurs not only at high angle grain boundaries but
also at subgrain boundaries and Dauphiné twin bound-
aries. Furthermore, a similar study reported that grain
boundary migration in quartz can be linked to changes in
crystal lattice orientations.30 It is important to understand
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microstructure changes associated with aggregate defor-
mation because it impacts concrete durability. EBSD is one
of the few techniques that makes it possible to recognize
and quantify easy-to-miss features such as Dauphiné
twin boundaries. It therefore allows the identification of
aggregates that are at risk for ASR which may otherwise
be missed by standard tests.25,30 However, while ASR has
been well studied,2,9,10,25 there is no known application of
EBSD to understand the specific role of pyrrhotite in ISA.
Based on the above analysis, the goals of this study are,

first, to develop an automatedmethod for efficient and reli-
able preparation of concrete samples using EBSD. The sec-
ond aim is to use this method to study the oxidation of
iron sulfides including pyrrhotite. It is hypothesized that
the oxidation of pyrrhotite-containing aggregates in hard-
ened concrete results in secondary expansive products like
ettringite, thaumasite, and gypsum, which induce stress
in the concrete. If these tensile stresses exceed the ten-
sile strength of the matrix or the matrix-aggregate interfa-
cial transition zone (ITZ), then cracking occurs. To investi-
gate this hypothesis, elements and phases around cracked
regions were examined using a SEM that was equipped
with EBSD and EDS.

2 EXPERIMENTALMETHODS

2.1 Materials

The current investigation involved concrete cores from
slab foundations and walls of seven houses around east-
ern Connecticut, USA, with varying degrees of deterio-
ration. The sampling method for the concrete cores was
described in an earlier study, in which over 70 cores
with a diameter of 7.62 cm and a length of 7.62–17.78 cm
were collected.4 In the present work, 10 samples were
obtained from five blind cores, respectively, to examine
the efficiency of the EBSD method to analyze deleterious
pyrrhotite. We wanted to examine if EBSD analysis could
reliably characterize which concrete samples contained
destructive iron sulfides, without having much informa-
tion about the concrete beforehand. This method mini-
mized the bias regarding the blind EBSD test.

2.2 Sample preparation

The samples were sectioned to 1.0 cm × 1.0 cm × 0.5 cm

each, using a brick saw (Chicago Electric, USA) operat-
ing at 400 rpm. All samples were then cold-mounted with
an epoxy resin (Epothin2, Buehler, USA). The mounts had
a 3.18-cm diameter, which fit in the sample preparation
equipment. An automated machine (MetPrep 3, Allied
High Tech Products, USA) was used for grinding and pol-
ishing. These carefully devised settings along with the nec-
essary consumables are summarized in Table 1.

EBSD analysis requires a thorough surface preparation
to flatten the sample and to remove scratches or contam-
ination because these can greatly interfere with indexing
of the diffraction patterns. The used equipment allowed
the simultaneous preparation of four samples, whichmade
the procedure time efficient. The power head applied a
single force of 22N distributed uniformly among the four
samples. The stage on which the abrasive disk was placed
is referred to as the platen. Silicon carbide (SiC) grinding
papers of US 180 grit, 320 grit, and 600 grit were succes-
sively used for 4min, 6min, and 4min, respectively (steps
1–3 in Table 1). Afterwards, the samples were polishedwith
polycrystalline diamond suspensions (Allied High Tech
Products, USA) of 6 and 1 μm for 8min each (steps 4 and 5)
to remove the defects left from grinding. The abrasive sus-
pension and a lubricant (Redlube, Allied High Tech Prod-
ucts, USA) were squirted on the polishing cloth (White
Label, Allied High Tech Products, USA), every 15 s during
polishing, whereas the lubricant minimized friction.
Between each grinding and polishing step, the samples

were carefully rinsed with water and dried with com-
pressed air to prevent cross-contamination. Similarly, the
equipment power head that held the samples was also
wiped down between the successive sample preparation
steps. The final polishing step was carried out with an
abrasive 0.04 μm noncrystallizing colloidal silica (Allied
High Tech Products, USA) for 4min (step 6) with the
aforementioned MetPrep3. In this step, no lubricant was
needed but water was applied to presoak and rinse the
polishing cloth after use. Until step 6, the total sample
preparation time on the MetPrep3 was only 35min as
displayed in Table 1. Nonetheless, additional vibratory pol-
ishing is particularly suitable to obtain high-quality EBSD
images and crystallographic patterns.22,29 Therefore, the
samples were transferred to a vibratory polisher (Giga
1200, Pace Technologies, USA) and polished for an extra
20 h with colloidal silica. After polishing, the samples
were rinsed with water and put in an ultrasonic bath of
ethanol to remove any remaining surface residue.31

2.3 Microstructure analysis

Microstructure analysis of the concrete samples was
performed in an SEM (FEI Teneo, USA), equipped with
an EDS detector (Octane Elect Plus, USA) and an EBSD
detector (Hitari EBSD, EDAX Inc., USA). Modern SEMs
now contain multiple out-lens and in-lens detectors,
which filter the signal based on varying kinetic energy and
emission angles. This filtering provides enhanced contrast
and visualization of features which would otherwise have
been missed in an unfiltered image.32,33 An in-lens detec-
tor called Trinity (T1) was applied in this study because it
produced minimally charged back scatter electron images
of the nonconductive samples.33 To further mitigate
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TABLE 1 A devised procedure for automatic grinding and polishing of concrete samples on the MetPrep3 equipment. Symbols for the
sample and platen: corotating (↺/↺), and counterrotating (↺/↻). Steps 1 and 2 are for grinding, while steps 4–6 are for polishing

Grinding Polishing
Step 1 2 3 4 5 6
Abrasive size 180 grit 320 grit 600 grit 6 μm 1μm 0.04 μm

Abrasive SiC SiC SiC Poly diamond Poly diamond Colloidal silica
Polishing - - - White Label White Label Chem-pol
Lubricant Water Water Water Redlube Redlube -
Platen (RPM) 300 300 300 150 150 150
Direction ↺/↺ ↺/↺ ↺/↺ ↺/↻ ↺/↻ ↺/↻
Sample (RPM) 150 150 150 150 150 150
Force (N) 22 22 22 22 22 22
Time (min) 4 6 4 8 8 4

charging, copper tape was wrapped around edges of the
sample mounts prior to imaging. The working distance
in the vertical direction was 14–15mm. Each prepared
sample was then loaded on the 45◦ pretilted stage in the
SEM and was set to tilt an additional 25◦ for a total tilt
angle of 70◦. This angle optimizes electron diffraction
and constructive interference, which produce diffraction
lines (Kikuchi bands) that represent the crystallographic
planes in the sample.34 Detected Kikuchi bands from the
image are reconstructed in the Hough space to find the
highest peak intensity.35 Interplanar angles between three
intersecting bands are then calculated and compared in
a database table for Miller indices (hkl) of similar crystal
structures to identify and index the pattern.
We solved the EBSD patterns using an automated

indexing software called orientation imaging microscopy
(EDAX, USA). A phase list was specified for the soft-
ware to search for pyrrhotite, pyrite, gypsum, ettringite,
quartz, and calcite. Other key phases that were reported
in the literature about ISA due to pyrrhotite oxidation
were also added, including albite, biotite, thenardite and
aphthitalite.4,5 A visual representation of how EBSD pat-
terns were obtained is displayed in Figure 2. The EBSD
detector was inserted horizontally to be 2.0mm away from
the sample. A voltage of 20 kV and a current of 1.6 nAwere
applied. EBSD crystallography andEDS elemental analysis
were performed simultaneously, which ensured accuracy
and time efficiency.
EBSD investigations were performed under high

vacuum (7.3 × 10−4 Pa) because it demonstrates higher
diffraction intensity (and higher confidence index (CI)
than low vacuum.36 CI is defined as a measure of how
reliable the EBSD indexingmethod is above a set tolerance
value (usually 0.1).37 To obtain high-quality EBSD indices,
the baseline parameters should be at least six bands
to index and a CI greater than 0.1 should be attained,
respectively.25 For further accuracy, we ensured that an

image quality (IQ) of≥ 2500 and a fit of≤ 2◦ were obtained
as seen in Figure 3. Thereby, IQ is a measurement of the
precision of EBSD patterns. The IQ of a sample is heavily
influenced by any crystallographic irregularity such as
defects, strain, and phase boundaries.34 A low IQ, thus,
results in blurry band edges and a low band contrast.
Therefore, we examined each SEM image for high IQ,
excellent CI, and sharp EBSD patterns before generating
a report.

3 RESULTS AND DISCUSSION

3.1 Evaluation of the devised sample
preparation procedure

A key purpose of this study was the optimization of the
concrete sample preparation and to examine the ISA in the
prepared samples. We first compared the devised sample
preparation procedure to standard grinding and polishing.
Furthermore, the EBSD band clarity before and after sput-
ter coating was also evaluated. Second, the optimum vac-
uum mode for backscatter electron was analyzed. Lastly,
secondary reaction products that could form from oxida-
tion of iron sulfides were investigated.
Attaining EBSD-quality surfaces using standard (man-

ual) ceramographic procedures for concrete is often a
challenge and the success highly user-dependent. The
sample preparation procedure presented in this study was
not only more time efficient, but the automation ensured
similar results despite being carried out by different users.
While automation is not new, until now there was no
published procedure for a fully automated preparation
method of concrete samples for ISA analysis using EBSD.
Interestingly, our method enabled clear examination
of feldspar on a relatively thick sample as observed
from Figure 4. Previously, some studies had to perform
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F IGURE 2 A visual description of how EBSD patterns were obtained. A crystalline region showed Kikuchi bands as seen in (A).
Crystalline regions in BSE images were mainly from aggregates as shown in (B). Amorphous regions were largely from the cement paste as
seen in (C), which produced no diffraction patterns (D). Even though these images are from the blind core 2 sample, this identification
pattern was similar in all other samples

petrography (thin sectioning) to analyze feldspar in
concrete.5
Sputter coating of a nonconductive sample like concrete,

with a layer of carbon, conductive glass, or a metallic coat-
ing is commonly applied to mitigate surface charging. The
main potential drawback of sputter coating, however, is
the inclusion of the coating material in the EBSD patterns.
Furthermore, since EBSD is a surface technique, there is a
high probability of the Kikuchi bands being obstructed by
the coating. This study compared EBSD analysis of sam-
ples sputteredwith a standard 2-nmAu-Pd coating to those
with no coating. Backscattered-electron (BSE) images of
the sputtered samples had minimal charging, but more
reliable EBSD patterns were obtained from the nonsput-
tered samples as portrayed in Figure 5.
Second, we observed that EBSD patterns were signifi-

cantly diminished in sputter-coated samples compared to
the nonsputtered ones as displayed in Figure 5. Since EBSD
analyzes the top 100 nm of the sample, the sputter coat-
ing can obstruct a significant number of Kikuchi bands.
During the comparison analysis, we used a sputter coat-
ing of 2 nmAu-Pd, because metallic coatings often outper-

form carbon coatings.22 Additionally, a coating of 2.5 nm or
less is suggested, with unsatisfactory EBSD patterns from
sampleswith coating thicknesses larger than 5 nm.36 Over-
all, we recommend avoiding sputter coating on EBSD sam-
ples and to use the T1 in-lens detector instead to mini-
mize charging.

3.2 Optimum vacuummode for
backscatter electron imaging

It was vital to analyze the ITZ between the aggregates
and the hardened cement matrix of the concrete because
this region is often reported to contain high poros-
ity, fully reacted clinker phases, and oxidation expan-
sion products like ettringite.4,38 As shown in Figure
6A, there was evident porosity in the ITZ. Additionally,
thaumasite bands—similar to those identified by Yang
and Buenfeld 12— were observed at the ITZ (Figure
6B). A summary of the minerals characterized from all
the samples using EBSD crystallography is displayed in
Table 2.
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F IGURE 3 EBSD crystallography of
pyrrhotite in the sample from blind concrete
core 1. The values obtained for this region
were an IQ of 3803.7, a CI of 0.1, and a fit of
1.5◦. While there were some unmatched
bands in this pattern, the obtained values for
IQ, CI, and fit meet a high accuracy standard,
that is, six or more indexed bands, CI ≥ 0.1,
IQ of ≥ 2500, and a fit ≤ 2◦

TABLE 2 Mineral phases characterized from the blind concrete cores using EBSD crystallography

Core number Key phase identified Phase symmetry
Core 1 Pyrrhotite, Fe0.96S Hexagonal (D6h) [6/mmm]

Marcasite, FeS2 Orthorhombic (D2h) [mmm]
Pyrite, FeS2 Cubic (Oh) [m3m]
Gypsum, CaSO4⋅ 2H2O Monoclinic b (C2h) [2/m]
Quartz, SiO2 Trigonal (D3d) [-3m]
Biotite, K2(Mg Fe Al)2 [Si4 Al4 O20] Monoclinic b (C2h) [2/m]
Albite, (Na0.84Ca0.16)Al1.16Si2.84O8 Triclinic (S2, Ci) [-1]
Calcite, CaCO3 Trigonal (D3d) [-3m]

Core 2 Pyrite, FeS2 Cubic (Oh) [m3m]
Marcasite, FeS2 Orthorhombic (D2h) [mmm]
Pyrrhotite, Fe0.96S Hexagonal (D6h) [6/mmm]

Core 3 Biotite, K2(Mg Fe Al)6 [Si4 Al4 O20] Monoclinic b (C2h) [2/m]
Calcite, CaCO3 Trigonal (D3d) [-3m]
Quartz, SiO2 Trigonal (D3d) [-3m]

Core 4 Quartz, SiO2 Trigonal (D3d) [-3m]
Argonite, CaCO3 Orthorhombic (D2h) [mmm]
Omphacite, (Ca,Na)(Mg,Fe,Al)[Si2O6] Monoclinic b (C2h) [2/m]
Biotite, K2(Mg Fe Al)6 [Si4 Al4 O20] Monoclinic b (C2h) [2/m]

Core 5 Pyrrhotite, Fe0.96S Hexagonal (D6h) [6/mmm]
Marcasite, FeS2 Orthorhombic (D2h) [mmm]
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F IGURE 4 EBSD analysis of the sample from blind concrete
core 1 revealing (A) the prominent presence of feldspar (stripe-like
structures), (B) crystal orientation mapping, and (C) map legend for
hexagonal lattice planes

We found an advantage of low vacuum SEM (LVSEM)
over high vacuum SEM (HVSEM) because it resulted
in less charging of the nonconductive concrete samples
(see Figure 7). Backscatter electron imaging is recom-
mended over secondary electron imaging for better con-
trast. Blurry bands in EBSD patterns, however, are the pri-
mary drawback of LVSEM. Therefore, LVSEM investiga-
tions were carried out independently of EBSD crystallog-
raphy. During vacuum mode optimization analysis, stan-
dard SEM parameters were applied including placing the
samples on the flat stage and a 10-mm working distance,
instead of the EBSD tilted stage or a 15-mm working dis-
tance. Particularly, the only parameter that was different
between LVSEM and HVSEM, was the pressure—10 Pa

versus 7.3 × 10−4 Pa, respectively. The current and voltage
were kept constant which enabled a direct comparison.

3.3 Investigation of secondary reaction
products

We observed and locally quantified destructive iron sul-
fides, particularly pyrrhotite, pyrite, and marcasite using
EBSD and EDS. EBSD analysis of crystalline regions
showed defined Kikuchi bands, but amorphous regions
showed no diffraction as portrayed in Figures 2 and 3.
Interestingly, the aforementioned iron sulfides can coexist
as mapped in Figure 8. These iron sulfides are associated
with ISA. They were characterized in several samples as
displayed in Figures 8 and 9 andTable 2.Marcasite (FeS2) is
a polymorph of pyrite with an orthorhombic crystal struc-
ture, instead of the typical cubic pyrite structure as demon-
strated in Figure 9. This distinction is important because
marcasite is less stable than pyrite39,40 and could thus oxi-
dize more readily than pyrite. Thus, our EBSD method
not only identified just pyrrhotite but notably also other
destructive iron sulfides, particularly pyrite andmarcasite.
EBSD analysis of the sample from blind concrete core 1

revealed the highest quantified amount of pyrrhotite (Fig-
ure 8). It also had gypsum, a calcium aluminate phase
(Figure 10), and significant amounts of feldspar (Figure
4). Feldspar is a common phase in both fine and coarse
aggregates, particularly those obtained from river sand and
graywackes, respectively. Notably, meta-graywackes can
be a source of pyrrhotite,41 which agrees with the fact
that blind concrete core 1 contained pyrrhotite as revealed
in Figure 8. It was important to examine regions where
pyrrhotite was in contact with micas like biotite because
the coexistence of these phases was reported to accelerate
oxidation.5 As shown in Table 2, concrete cores 1, 3, and
4 were all identified to contain biotite. However, only core
1 had both pyrrhotite and biotite, but these minerals were
not observed to be in contact.

F IGURE 5 EBSD crystallography of biotite from a nonsputtered sample (A), compared to a 2-nm Au-Pd sputtered sample (B). Indexed
patterns of nonsputtered samples (A) were clearer and more reliable than those from sputter-coated samples (B) and (C)
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F IGURE 6 Investigation of the ITZ in the sample from blind concrete core 1. As seen in (A), this boundary region between the aggregate
and the cement matrix has a particularly high porosity. The arrows indicate bands believed to be thaumasite (B)

F IGURE 7 Investigation of the optimum vacuum mode for backscatter electron imaging. High vacuum mode (H) had more charging
than low vacuum mode (L). The difference is seen in the right-hand side of both images

F IGURE 8 (A) Backscatter electron
image of the sample from blind concrete core
1, (B) EBSD phase distribution, and (C) phase
quantification. In this region, there was 22%
pyrite (FeS2-cubic), 61%marcasite
(FeS2-orthorhombic), and 17% pyrrhotite
(FeS). Phase compositions were obtained
using the method of EBSD mapping
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F IGURE 9 Comparison between the crystal structures of
marcasite and pyrite. Marcasite is a polymorph of pyrite with an
orthorhombic crystal structure, but the common crystal structure of
pyrite is cubic. Marcasite is less stable than pyrite and could thus
oxidize more rapidly in the presence of water and oxygen. The
EBSD examination revealed marcasite in samples from blind cores
1, 2, and 5

Secondary ettringite [3CaO ⋅ Al2O3⋅3CaSO4 ⋅ 32H2O]

and thaumasite [CaSiO3 ⋅ CaCO3 ⋅ CaSO4 ⋅ 15H2O] are
known to be needle like.4,13 The EDS chemical analysis
of needle-like features in the sample from blind concrete
core 3 (Figure 11) revealed some component elements like
calcium, aluminum, and silicon. A line map of elemental
components across a crack fissure in the same sample also
revealed the presence of sulfur and carbon. Notably, cracks

or pores provide space for the expansion of secondary
reaction products. EBSD results of this sample (Table 2),
however, did not reveal iron sulfide phases. Therefore,
the iron and sulfur identified by EDS might have been
present in the matrix due to the general clinker compo-
sition. Additionally, ettringite might be found in concrete
after advanced aging and might not be necessarily con-
nected with the attack by sulfates. For example, in Table 2
core 3 did not contain any iron sulfides.
Figure 11 is an image analysis of long needle-like fea-

tures in the sample from blind concrete core 3. These fea-
tures were of high interest because thaumasite and ettrin-
gite are microscopically needle like.4,13 We also observed
crack fissures in this sample as portrayed in Figure 12.
Interestingly, even though elemental iron and sulfur were
mapped in this area using EDS, EBSD did not reveal iron
sulfide phases such as pyrrhotite, pyrite, or marcasite (see
Table 2). We performed additional XRD analysis on this
sample, but there was no reliable indication of thauma-
site and ettringite, either. Therefore, the elemental iron and
sulfur mapped by EDS are most likely from the biotite and
sulfate phases identified using EBSD (Table 2). Further-
more, the crack fissures can sometimes be from weather-
ing, sample extraction, or sectioning.
The sample from blind concrete core 5 was the most

deteriorated of all the samples, as shown by the cracks
in Figure 13A. Upon investigation, it was observed that
strong peaks of iron and sulfur were evident in the heav-
ily cracked region (see Figure 13B). In other areas of this
sample, iron-rich aggregates were prominent as indicated
in Figure 14. EBSD analysis of this significantly deterio-
rated sample highlighted iron sulfideminerals—pyrrhotite
andmarcasite—as displayed in Table 2. Marcasite (FeS2) is

F IGURE 10 Diffraction results from the BSE image of the sample from blind concrete core 1, showing a calcium aluminate phase from
region A and gypsum from region B
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F IGURE 11 Secondary electron image of needle-like features in the sample from blind concrete core 3 (A) and a histogram of elements
in the area indicated (B)

F IGURE 1 2 Line map showing the elemental components
around a crack fissure in the sample from blind concrete core 3.
Even though elemental iron, sulfur, and oxygen were mapped in
this area using EDS, EBSD did not reveal iron sulfide phases like
pyrrhotite or pyrite. Thus, this cracking could be from weathering,
sample extraction, or sectioning

a polymorph of pyrite with an orthorhombic crystal struc-
ture, instead of the typical cubic pyrite structure as demon-
strated in Figure 9. This distinction is important because
marcasite is less stable than pyrite39,40 and can thus oxi-
dize more readily than pyrite.
Overall, an important aspect of the method presented in

this paper is characterization and local quantification of
potentially reactive iron sulfide-bearing aggregates. Some

F IGURE 13 BSE image of the sample from blind concrete
core 5 showing a heavily cracked region as indicated by the arrows.
The EDS histogram (B) in this region showed prominent peaks of
iron and sulfur

key phases identified include pyrrhotite, pyrite and mar-
casite. While EBSD reliably provided the crystal struc-
ture of the indexed phase, it sometimes had a limitation
of consistently identifying the correct elemental composi-
tion. Therefore, EDS was applied alongside EBSD analysis
to confirm the indexed minerals. Moreover, sample prepa-
ration requirements of EDS are drastically overshadowed
by those of EBSD, so samples prepared for EBSD are typ-
ically suitable for chemical characterization by EDS. Per-
forming such investigations before the aggregates are used
in concrete could save significant costs and time associated
with repairing crumbling foundations and cracking walls.
Nowadays, aggregates of good quality are becoming scarce
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F IGURE 14 Chemical analysis of the
sample from blind concrete core 5 to examine
the bright region marked (1) in the BSE
image. As indicated by the histogram, this
region was a prominently iron-rich area. A
similar trend was observed in bright regions
of other samples

in areas close to very large cities in the world. Therefore,
this method could complement existing standard methods
in helping to decide if certain aggregates should or should
not be used in concrete mixes.

4 CONCLUSION

This study presented an automated sample preparation
method for concrete samples for the simultaneous EBSD
and EDS analysis to characterize and locally quantify min-
eral phases. Sampleswere obtained fromeasternConnecti-
cut, USA, where thousands of houses are currently at risk
for premature concrete degradation.We demonstrated that
with our excellent automated surface preparation method
and no surface coatings, clear EBSD patterns and crystal
orientation maps of minerals around deteriorated regions
in the concrete can be observed. Of the mineral phases
identified, themost deleteriouswere pyrrhotite, pyrite, and
marcasite, because they are associated with ISA in hard-
ened concrete. The presence of such iron sulfides in con-
crete can accelerate the degradation of concrete in build-
ing foundations. Therefore, early detection and quantifi-
cation of destructive iron sulfides can enable preventative
correction of crumbling foundation problems before they
arise. Although EBSD analysis was historically applied in
metallurgical crystallography, thiswork demonstrated that
EBSD is a viable technique to analyze and predict ISA in
hardened concrete.
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