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The elusive ettringite under the high-vacuum SEM – a reflection
based on natural samples, the use of Monte Carlo modelling of EDS
analyses and an extension to the ettringite group minerals
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Summary

Ettringite, Ca6Al2(SO4)3(OH)12.26H2O, or C6AS̄3H32 as it is
known in cement chemistry notation, is a major phase of inter-
est in cement science as an hydration product and in polluted
soil treatment since its structure can accommodate with many
hazardous cations. Beyond those anthropogenic features, et-
tringite is first of all a naturally occurring mineral (although
rare). An example of its behaviour under the scanning electron
microscope and during energy dispersive spectroscopy (EDS)
qualitative analysis is presented, based on the study of natural
ettringite crystals from the N’Chwaning mine in South Africa.
Monte Carlo modelling of the electron-matter interaction zone
at various voltages is presented and confronted with actual,
observed beam damage on crystals, which burst at the anal-
ysis spot. Finally, theoretical energy dispersive spectroscopy
spectra for all the ettringite group minerals have been com-
puted as well as Monte Carlo modelling of the electron-matter
interaction zone. The knowledge of the estimation of the size of
this zone may thus be helpful for the understanding of energy
dispersive spectroscopy analysis in cement pastes or ettringite-
remediated soils.

Introduction

Ettringite, also known as calcium sulphoaluminate, is the most
important solid phase of the AFt group, where AFt stands
for alumina, ferric oxide, tri-sulphate (or Al2O3 - Fe2O3 -
tri), also denoted [Ca3(Al,Fe)(OH)6·12 H2O]2·X3·nH2O where
X represents a doubly charged anion (e.g. SO4

2− for ettrin-
gite) or, sometimes, two singly charged anions. In Portland
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cement, ettringite is one of the first phases to form during
hydration (Mehta & Monteiro, 1993). It is also a major
phase formed during the hydration of calcium sulphoalumi-
nate cements (Glasser & Zhang, 2001; Gastaldi et al., 2009;
Winnefeld & Lothenbach, 2010). The solid solution between
end-members of the ettringite group has thus attracted inter-
est in cementitious materials (Poellmann et al., 1993, 1990;
Barnett et al., 2002; Macphee & Barnett, 2004; Möschner et al.,
2009; Leisinger et al., 2010).

Ettringite also plays an important role in sulphate removal
from water (Tait et al., 2009), in dental cements (Camilleri,
2008), in polluted soils treatment (Ouhadi & Yong, 2008)
and more generally as a phase for waste ions immobilization
(Gougar et al., 1996).

However, ettringite, Ca6Al2(SO4)3(OH)12.26H2O, or
C6AS̄3H32, also belongs to a wider mineral group, the ettrin-
gite group minerals (EGMs), consisting of 13 end-members
(Table 1). As a rare mineral (Fig. 1) formed in specific
geological environments (Hurlbut & Baum, 1960; Stoppa
et al., 2012; Jiménez & Prieto, 2015), it was discovered at the
end of the 19th century in the Eifel region, Germany; its name
recalls its type locality, Ettringen (Lehmann, 1874).

Scanning electron microscopy (SEM) coupled with energy
dispersive spectroscopy (EDS) for microanalysis is nowadays
routinely used in cement and concrete research (Scrivener,
2004; Stutzman, 2004). Based on electron-matter interac-
tions (Reimer, 1998), it allows high magnification imaging of
fractures as well as Z-contrast (Lloyd, 1987) between phases
of different density.

EDS is a fast way to gain local semiquantitative to quantita-
tive (Newbury & Ritchie, 2015) chemical analysis and chem-
ical mapping as well as linescans of minerals and materials.
However, as outlined by Wong & Buenfeld (2006), the inter-
action volume resulting from the incident electron beam can
be significantly larger than the probe size. More specifically, in
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Table 1. The ettringite group minerals (EGM).

Name Structural formula Density Reference

Bentorite Ca6(Cr3+,Al)2(SO4)3(OH)12 · 26H2O 2.021 (meas.) (Gross, 1980)
Buryatite Ca3(Si,Fe,Al)(SO4)[B(OH)4]O(OH)5 · 12H2O 1.895 (calc.) (Malinko et al., 2001)
Carraraite Ca3(SO4)[Ge(OH)6](CO3) · 12H2O 1.979 (calc.) (Merlino & Orlandi, 2001)
Charlesite Ca6(Al,Si)2(SO4)2[B(OH)4](OH,O)12 · 26H2O 1,77 (meas.) (Dunn et al., 1983)
Ettringite Ca6Al2(SO4)3(OH)12 · 26H2O 1.77 (meas.) (Bannister et al., 1936)
Hielscherite Ca3Si(SO4)(SO3)(OH)6 · 11H2O 1,82 (meas.) (Pekov et al., 2012)
Imayoshiite Ca3Al(CO3)[B(OH)4](OH)6 · 12H2O 1,79 (calc.) (Nishio-Hamane et al., 2015)
Jouravskite Ca3Mn4+(SO4)(CO3)(OH)6 · 12H2O 1.95 (meas.) (Gaudefroy & Permingeat, 1965)
Kottenheimite Ca3Si(SO4)2(OH)6·12H2O 1.92 (meas.) (Chukanov et al., 2012)
Micheelsenite (Ca,Y)3Al(HPO4,CO3)(CO3)(OH)6 · 12H2O 2.83 (meas.) (McDonald et al., 2001)
Sturmanite Ca6(Fe3+,Al,Mn3+)2(SO4)2[B(OH)4](OH)12 · 25H2O 1.847 (meas.) (Peacor et al., 1983)
Tatarinovite Са3Al(SO4)[B(OH)4](OH)6·12H2O 1.79 (meas.) (Chukanov et al., 2016)
Thaumasite Ca3(SO4)[Si(OH)6](CO3) · 12H2O 1.877 (meas.) (Anthony et al., n.d.)

Fig. 1. Ettringite crystals from the N’Chwaning mine, South Africa.

complex microstructures such as cement pastes where phases
develop a 3D porous network from the nanometric to the mi-
crometric range (Skibsted & Hall, 2008; Yio et al., 2015), it is
important to understand what volume is analysed.

EDS analysis can be simulated by Monte Carlo modelling
(Gauvin, 2005), especially by using user-friendly software
(Drouin et al., 2007); this has yielded interesting results on
cement-based materials (Wong & Buenfeld, 2006). The goal
of such modelling is to gain insights of the interaction volume
between the incident electrons and the sample.

The goal of the present study is to analyse natural ettringite
crystals in the scanning electron microscope and to char-
acterize the beam damage associated with microanalysis at
various acceleration voltages. The purpose of such a study is
(1) to complement and extend already published Monte Carlo
simulations of EDS analysis on cementitious materials (Wong
& Buenfeld, 2006) on the whole EGMs; (2) to discuss some lim-
itations of EDS analysis on such minerals and (3) to confront

Fig. 2. (A) Termination of an ettringite crystal showing scaling due to
dehydration. (B) Detail of the cracking pattern developed on crystal faces,
the insert highlights the natural, regular striation of the crystal. Images
acquired at 5 kV.

C© 2017 The Authors
Journal of Microscopy C© 2017 Royal Microscopical Society, 00, 1–10



T H E E L U S I V E E T T R I N G I T E U N D E R T H E H I G H - V A C U U M S E M 3

Fig. 3. EDS chemical mapping (acceleration voltage: 15kV) of an ettringite crystal embedded in resin and polished, highlighting the diversity of its
chemical composition. Oxygen not shown.
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Fig. 4. (A) EDS spectra acquired at 7, 10, 15 and 20 kV on a polished section of ettringite (inner part – zone 3 – of the crystal illustrated by EDS chemical
maps on Fig. 3). (B) Composition obtained using EDS analysis, presented as atomic Al/S versus Ca/S ratios and confronted with theoretical end-members
compositions. See Table 1 for the references for the end-members analysis used for the calculations.
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Fig. 5. Triplets of images showing an area before and after analysis and a close-up view of the resulting beam damage. (A–C): 7 kV; (D–F): 10 kV; (G–I):
15 kV; (J–L): 20 kV. Counting time 60 s.

more specifically standardless EDS analysis with accu-
rate end-members analysis of Ca-S-Al bearing end-members
of the EGM.

The EGMs

Ettringite belongs to the EGMs (Table 1) and thus solid
solutions between pure end-members or intermediate com-

positions may occur (Carpenter, 1963; Barnett et al., 2002;
Macphee & Barnett, 2004; Möschner et al., 2009) as well
as intergrowths. For example, bentorite (Cr-ettringite) has
been described in the hydration products of Cr-bearing wastes
mixed with cement (Trezza & Ferraiuelo, 2003); charlesite
(B-bearing ettringite) may be used to immobilize boron in ra-
dioactive wastes (Atabek et al., 1992), whereas thaumasite is

C© 2017 The Authors
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Fig. 6. (A and B) Outer part (zone 1) of the crystal illustrated by the EDS
chemical maps in Figure 3 showing a better resistance to beam damage
than the inner part of the crystal (analyses spots are at the centre of circles
drawn in (B), a slight discolouration can be seen., (C) Representative
spectrum acquired on this area.

well known in some cases of sulphate attack (Menéndez
et al., 2013).

Materials and methods

Natural ettringite (Fig. 1) from the N’Chwaning Mine, Kala-
hari manganese field, South Africa, was used in this study. In-
deed, crystals from this occurrence are often used as reference
natural analogues in cement research (Speziale et al., 2008;
Jiménez & Prieto, 2015). They may potentially be intergrown
with other EGMs such as sturmanite (Pohwat, 2012) and are
thus likely to widen the discussion towards other members
of the EGMs. Both raw crystals and polished sections (final
polishing using ¼ micrometre diamond pastes) were studied.
SEM was done on a field-emission gun Hitachi S-4300SE/N
SEM working in high vacuum mode, coupled to a Thermo Sci-
entific Ultradry EDX detector. The EDS analysis was carried
out standardless at 7, 10, 15 and 20 kV (the counting rate
was too weak below 7 kV). The intensity was measured using
a Faraday cup and was of 1.8 nA at 10kV, 3.54 nA at15 kV
and 3.8 nA at 20 kV.

Monte Carlo simulations of the interaction volume of analy-
sis were done using the CASINO software (Drouin et al., 2007),
and simulated EDS spectra were computed using the NIST-
DTSA software (Ritchie, 2011) considering identical analyt-
ical conditions (working distance of 15 mm, no tilt of the
surface).

Ettringite under the SEM: analytical results

Raw crystals

Raw crystals placed under vacuum present a phenomenon
of scaling, as observed on the termination of the prisms
(Fig. 2A). Along faces, a cracking pattern develops, under the
form of widely opened fractures perpendicular and parallel to
the elongation (Fig. 2B).

Crystal chemistry

A pluri-millimetric crystal was impregnated in epoxy resin
and a cross section was done perpendicularly to its elongation
axis. EDS chemical maps were acquired at 15 kV (Fig. 3). Three
domains can be characterized. The innermost (number 3 on
Fig. 3) is homogeneous in composition and corresponds to an
area in which BSE mode reveals an intense cracking. Its chem-
istry (Ca, Al, S, O) corresponds to ettringite s.s., as outlined by
EDS spectra (Fig. 4). An intermediate domain (number 2 on
Fig. 3) of homogeneous composition is characterized by a dra-
matic drop in Al content and the apparition of Mn, Fe and
Si. This domain shows less cracking. The outermost domain
(number 1 on Fig. 3) shows regular banding with variations
in Al, Ca, S and Si content as well as a lesser amount in Mn
than the intermediate domain.

C© 2017 The Authors
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Fig. 7. Interaction volume modelled with Casino (Drouin et al., 2007) for ettringite at 7 kV (A), 10 kV (B), 15 kV (C) and 20 kV (D); see Figure 4 for the
corresponding spectra obtained on natural crystals.

EDS analysis and associated beam damage

The relative peak intensities of ettringite at various accelera-
tion voltages are presented in Figure 4(A) as well as the semi-
quantitative composition presented as Al/S and Ca/S ratios
(Fig. 4B).

It can be seen that the relative intensities for Al, S and Ca
are dependent of the accelerating voltage applied for the anal-
ysis. At the lowest voltage (7 kV), the relative peak intensities
for those three peaks are opposite to what is observed at 15
and 20 kV, whereas at 10 kV the relative intensities are not
intrinsically different.

Ettringite crystals, even when embedded in resin, de-
velop a very typical dehydration cracking pattern similar
to what can be observed when mud dessicates; this pattern
has already been illustrated in the literature as, for exam-
ple, on ettringite in sulphoaluminate cement pastes (Am-
broise et al., 2009; Chen et al., 2012) or on natural kot-
tenheimite (Chukanov et al., 2012 and Table 1). However,
as seen in Figure 3, this pattern seems to be dependent on
the crystal chemistry and so is the sample damage associated
with the analysis (Figs. 5 and 6). Indeed, the pattern which

develops in more siliceous domains is smaller than in pure
ettringite.

The interaction between the electron beam and the sample
during analysis results in heating. The analysis spots (Fig. 5)
are characterized by surface bursting; the size of the damaged
zone is larger when the voltage increases.

However, as for the cracking pattern, this bursting
seems dependent on the chemistry. Indeed, as presented in
Figure 6, the more siliceous compounds (i.e. the intermediate
compound between ettringite and charlesite) show a better
resistance.

Monte Carlo modelling of electron–sample interaction

Ettringite s.s.

The experimental results presented up above can be ap-
proached by means of Monte Carlo modelling of electron–
sample interaction.

For pure ettringite (Fig. 7), the interaction volume dramat-
ically increases with the voltage. This is in good agreement
with the bursting illustrated in Figure 5.

C© 2017 The Authors
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Fig. 8. Modelled EDS spectra using NIST-DTSA (Ritchie, 2011) for the ettringite group minerals at 15 kV.

The EGMss

Based on a review of the EGM, a tentative synthesis of their
theoretical EDS spectra at 15 kV is presented in Figure 8, ex-
ception made for tatarinovite (Table 1) for which no density is
available in the literature. In order to confront those spectra
with a modelled interaction volume, Monte Carlo modelling
has been carried out on all the EGM (Fig. 9) at 15 kV, which
is the recommended voltage for EDS microanalysis of cemen-
titious materials (Harrisson et al., 1987).

Discussion and perspectives

It has already been proposed that among the EGM group,
changes in chemical composition can explain differences
in behaviour under the electron microscope due to differ-
ences in crystal structures during dehydration (Lachowski
et al., 2003). Ettringite is known to dehydrate and its crystal
structure changes when heated (Skoblinskaya et al., 1975;
Skoblinskaya & Krasilnikov, 1975; Hartman et al., 2006;
Guimarães et al., 2016).

C© 2017 The Authors
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Fig. 9. Interaction volume for the ettringite group minerals at 15 kV.

SEM micrographs have shown that ettringite dehydration
results in extensive cracking of crystals (Fig. 2), even on a pol-
ished section (Fig. 5), as well as bursting during analysis. Thus,
the flat geometry of the sample is lost. Quantitative analysis
on such distorted surfaces is difficult since the quantifications
results are highly dependent on the flatness of the surface, the
slightest angle being responsible for a change in the analysis
(Newbury & Ritchie, 2015).

Recent advances in imaging techniques have allowed to
highlight the extreme complexity and heterogeneity of the hy-
dration products/unhydrated grains in the cement paste at
micrometric scales (Trtik et al., 2011; Voltolini et al., 2013)
and also of the porosity (Yio et al., 2015). The Monte Carlo
modelling of EDS analyses of the EGMs presented in this
study (Fig. 9) has shown that the interaction volumes can
be significantly larger than the sizes of the crystals present
in a cement paste, as already shown in an earlier study
(Wong & Buenfeld, 2006). Indeed, some recent studies on cal-
cium sulphoaluminate cements have illustrated micrometric
ettringite (Rungchet et al., 2016) as complex intergrowths
with other cementitous phases, which are thus likely to be
analysed as a whole.

Moreover, the modelling results of the present study con-
sider ettringite as a homogeneous, nonporous phase. Ettrin-

gite in cement media will coexist with a wide range of poros-
ity, from the nanometric scale to the microscale (Jennings &
Bullard, 2011): it is known that EDS analysis is greatly affected
by porosity.

Finally, the chemistry of synthetic analogues of the EGM
may become even more complex in a close future with the ad-
vent of sulphoaluminate cements made with various wastes
(Imbabi et al., 2012). SEM-EDS may be useful only for a rough
estimation of the chemistry of the ‘ettringite’ in such environ-
ments, and a more thorough characterization may become
necessary, by using, for example, thermo-gravimetry, which
has proven to be efficient decipher crystal chemistry for sev-
eral EGMs (Drebushchak et al., 2013), as well as Raman spec-
troscopy (Frost et al., 2013).
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Lehmann, J. (1874) Über den ettringit, ein neues mineral, in Kalkein-
schlüssen der Lava von Ettringen (Laacher Gebiet). Neues Jahrb. für
Mineral. Geol. und Palaontologie 273–275.

Leisinger, S.M., Lothenbach, B., Le Saout, G., Kägi, R., Wehrli, B. & John-
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