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aBstraCt

Ettringite, reported with ideal formula  Ca6Al2(SO4)3(OH)12·26H2O, is recognized as a secondary-
alteration mineral and as an important crystalline constituent of Portland cements, playing different 
roles at different time scales. It contains more than 40 wt% of H2O. The crystal structure and crystal 
chemistry of ettringite were investigated by electron microprobe analysis in wavelength-dispersive 
mode, infrared spectroscopy, and single-crystal neutron diffraction at 20 K. The anisotropic neutron 
structure refinement allowed the location of (22+2) independent H sites, the description of their 
anisotropic vibrational regime and the complex hydrogen-bonding schemes. Analysis of the difference-
Fourier maps of the nuclear density showed a disordered distribution of the inter-column (“free”) H2O 
molecules of the ettringite structure, modeled (in the structure refinement) with two independent and 
mutually exclusive configurations. As the disorder is still preserved down to 20 K, we are inclined 
to consider that as a “static disorder.” The structure of ettringite is largely held together by hydrogen 
bonding: the building units [i.e., SO4 tetrahedra, Al(OH)6 octahedra, and Ca(OH)4(H2O)4 polyhedra] 
are interconnected through an extensive network of hydrogen bonds. The ettringite of this study has 
ideal composition Ca6Al2(SO4)3(OH)12·27H2O, with (Mn+Fe+Si+Ti+Na+Ba) < 0.04 atoms per formula 
unit. The effect of the low-temperature stability of ettringite and thaumasite on the pronounced “Sulfate 
Attack” of Portland cements, observed in cold regions, is discussed.
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introDUCtion

Ettringite, with ideal chemical formula reported in the litera-
ture Ca6Al2(SO4)3(OH)12·26H2O [a ~ 11.2 Å, c ~ 21.3 Å, space 
group P31c, or P63/mcm, Z = 2], occurs in metamorphosed 
limestone (near igneous contacts or in xenoliths) or as a low-
temperature secondary-alteration phase (e.g., weathering crusts 
on larnite rocks), usually associated with portlandite, afwillite, 
hydrocalumite, mayenite, and gypsum. It is expected to form a 
solid solution with thaumasite, Ca3Si(OH)6(CO3)(SO4)·12H2O 
(Moore and Taylor 1970; Barnett et al. 2000).

More than in nature, an ettringite-like phase is an important 
crystalline constituent of the Portland cement, and it plays dif-
ferent roles at different time scales. In early hydration stages, 
the crystallization of ettringite governs the set rate of the 
calcium aluminate phase (“C3A”, Ca3Al2O6), which is highly 
reactive (Taylor 1997; Renaudin et al. 2007). In aged cement, 
delayed formation of ettringite and thaumasite can promote 
destructive processes, especially in cement products in which 
limestone is used as a filling material (Hartshorn et al. 1999) 
and a diffusion of sulfate-rich fluids occurs (e.g., by contact 

with sulfate-rich soils or groundwater) (Crammond 1985). 
The main cement hydration products, i.e., calcium silicate 
or aluminate hydrates (the so-called C-S-H and C-A-H) and 
calcium hydroxide [portlandite Ca(OH)2], are decomposed as 
a result of both sulfate attack and carbonation: as C-S-H and 
C-A-H provide most of the binding strength, the formation of 
ettringite and thaumasite leads to weakening and disintegration 
of the cement matrix. This phenomenon is more pronounced in 
cement structures below ground (e.g., Hartshorn et al. 1999; 
Bensted 1999; Hobbs and Taylor 2000; Santhanam et al. 2001; 
Zhang et al. 2009; Gatta et al. 2012). The effect of carbonate 
ions on delayed ettringite formation was recently reported by 
Asamoto et al. (2017).

The crystalline structure of ettringite has been previously 
investigated by several authors by single-crystal or powder X-ray 
diffraction (e.g., Moore and Taylor 1968, 1970; Goetz-Neunhoeffer 
and Neubauer 2006) and by neutron powder diffraction (Hartman 
and Berliner 2006). Its crystal structure is significantly complex 
(Fig. 1): it consists of [Ca3[Al(OH)6]·12H2O] columns, parallel to 
[001], and connected by sulfate groups via hydrogen bonds with 
H2O molecules. In each column, Al(OH)6-octahedra alternate with 
triplets of calcium polyhedra with coordination number CN = 8, 
i.e., coordinated by four (OH)-groups and four H2O molecules 
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