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conditions. The six non-zero elastic constants of this trigonal mineral are: C1;=35.1£0.1 GPa, C;,=21.9+0.1 GPa,
C13=20.0%£0.5 GPa, C14=0.6+0.2 GPa, C33=55+1 GPa, C44=11.0£0.2 GPa. The Hill average of the aggregate bulk,
shear modulus and the polycrystal Young's modulus and Poisson's ratio are 27.3+0.9 GPa, 9.5+0.8 GPa, 25+2 GPa
and 0.34+0.02 respectively. The longitudinal and shear elastic anisotropy are C33/C;;=0.64%0.01 and Cgg/Caq=
0.60+0.01. The elastic anisotropy in ettringite is connected to its crystallographic structure. Stiff chains of
[AI(OH)s]®>™ octahedra alternating with triplets of Ca?* in eight-fold coordination run parallel to the c-axis
leading to higher stiffness along this direction. The determination of the elastic stiffness tensor can help
in the prediction of the early age properties of cement paste when ettringite crystals precipitate and in
the modeling of both internal and external sulfate attack when secondary ettringite formation leads to

expansion of concrete.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The understanding of the mechanical properties of cement paste
and of hardened concrete is a longstanding problem of materials
science and engineering. Our knowledge of the single-crystal elastic
properties of the crystalline constituents of concrete is limited to very
few experimental data for calcium sulfate [1] and for calcium
hydroxide [2]. This makes it difficult to develop quantitative models
able to predict the behavior and properties of such a complex multi-
components system [3]. It is especially difficult to find in the literature
data on the full elastic tensor of many of the main phases of cement
paste. Traditional single-crystal techniques, based on ultrasonic inter-
ferometry and spectroscopy, are of limited help because it is difficult
to obtain large fracture-free single crystals of such phases of the sizes
required to perform measurements with these techniques. Brillouin
spectroscopy represents an alternative and more convenient techni-
que for the measurement of acoustic velocity in small crystalline
specimens. This technique has been successfully used to determine
the elastic constants of Ca(OH), [2], and we have used it to determine,
in this study, the complete elastic tensor of ettringite CagAly(SO4)3
(OH);2-26H,0. Ettringite is a natural trigonal sulfate and corresponds
to one of the most relevant hydration products of portland cement. It
is both a primary crystalline product during cement paste consolida-
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tion and a secondary phase which crystallizes in hardened concrete
and it plays an important role in concrete deterioration in humid
environments. In addition, ettringite, effectively absorbs in its
structure poisonous oxoanions from alkaline solutions produced by
drainage of mining and industrial by-products, and from leachate
from cement-based waste matrices with serious implications in terms
of environmental impact [4-7].
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Fig. 1. Infrared absorption spectrum of ettringite. Continuous line: this study. Dotted
line: from [10] converted in absorbance and rescaled for comparison.
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Table 1

Unit-cell parameters, volume and density of ettringite

Study ap Co Vo Po
(Ref) (A) (A) (&) (g/cm?)
This study 11.240+0.001 21.468+0.006 2348.8+0.8 1.78+0.1
[20] 11.26 2148 2358.53 1.76
[21] 11.224 21.408 2335.62 1.785
[22] 11.167+0.005 21.360+0.001 2306.81 1.9

[11] 11.229+0.001 21.478+0.003 2345.46+0.06 1.772
[23] 11.16688+0.00008 21.3537+0.0002 2306.4 1.9

[20]: Moore and Taylor (1970); [21]: ICDD file 41-1451 (1989); [22]: Berliner (1998); [11]:
Goetz-Neunhoeffer and Neubauer (2005); [23]: Hartman and Berliner (2006).

In this study we determine the complete elastic tensor of ettringite
and we highlight the relationship between crystal structure and
elastic anisotropy in comparison with Ca(OH),. A detailed knowledge
of the elastic properties of the single components will advance our
ability to effectively model the aggregate mechanical properties of
portland cement.

2. Experimental methods

The samples investigated in this study are fragments of a
10 cmx5 cm specimen of hydrothermal ettringite from N'Chwaning
Mine in the giant Kalahari manganese field, South Africa [8]. While
ettringite is often microcrystalline, the specimen used in this study
consists of few large prismatic, colorless, transparent crystals of sizes
between 2 and 8 cm and with similar orientation. In the large specimen
ettringite crystals are associated with minor sulfur and opaque grains.

Ettringite forms a partial solid solution with thaumasite [CasSi
(OH)g(C03)(SO4)-12H,0] [9]. We have characterized the composition
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of the sample by energy dispersive X-ray analysis (EDX) of Ca, Si, Aland S
(performed with a Zeiss DSM 962 scanning electron microscope
equipped with a Voyager 2.6 system for EDX) and by infrared absorption
spectroscopy (performed with a FTIR IR spectrometer Bruker IFS-66
with a maximum resolution of 0.25 cm™!). We did not detect the
presence of Si within EDX analytical resolution (0.5 wt.%). Infrared
absorption measurements did not detect the typical infrared absorption
bands for [Si(OH)g]*™ in the 670 and 750 cm™ ! regions. In addition, the
low intensity of the absorption band of [CO5]*~ at 1400 cm™! compared
with existing data for the ettringite endmember [10] confirms that our
sample correspond to almost pure ettringite (Fig. 1).

The ettringite sample was also characterized by powder X-ray
diffraction. Whole-spectrum Rietveld refinement yields unit-cell
parameters: ao=11.240+0.001 A, co=21.468+0.006 A, in good agree-
ment with the extant values from the literature [11]. The calculated
density is 1.78+0.01 g/cm?, assuming a stoichiometric formula [CagAl,
(S04)3(0OH);2:26H,0]. Unit-cell parameters, unit-cell volume and density
are reported in Table 1.
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Fig. 2. Brillouin spectra collected from the two sample platelets. (a) basal plane (-0.1
0.14-0.04 1.91). (b) plane (1 -0.15 -0.85 -0.57). LA: sample quasi-longitudinal acoustic
mode. TA: sample quasi-transverse acoustic mode. R: elastically scattered light. Oil:
mineral oil. gl: glass.
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Fig. 3. Spatial dispersion of the quasi-longitudinal and quasi-transverse acoustic
velocity in the two crystallographic planes of ettringite. (a) basal plane (0.1 0.14 -0.04
1.91). (b) Plane (1 -0.15-0.85 -0.57). LA: quasi-longitudinal acoustic velocity. TA: quasi-
transverse acoustic velocity. Circles: measured velocities. Lines: velocities calculated
according to the elastic constants determined in this study ( Table 2).
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Table 2
Elastic constants of ettringite and Young's modulus in selected directions at ambient
conditions

Constant (GPa)

Cn 35.1+0.1
Ciz 21.9+0.1
C s 20.0£0.5
Cia 0.6+0.2
C33 55+1
Caq 11.0+0.2
Cs 6.60.1
Eoo 411
E100 201403
Eno 20103

9Ceg is calculated as (Cy1=Cy2)/2.
Enii: Young's modulus along the [hkl] crystallographic direction.

A transparent, prismatic fragment, 1-cm long and 0.5-cm wide was
picked from a larger crystal. The fragment showed a good prismatic
cleavage {1010}, parallel to the elongation direction. Small fragments of
the crystal were observed optically and revealed that the elongation
direction was parallel to the c-axis (the optic axis). No twinning was
observed. We cut and polished 500-um thick platelets parallel to the
elongation direction and a 800-um thick platelet perpendicular to the
elongation direction. Two platelets, one parallel to the c-axis and one
approximately perpendicular to it, were used for Brillouin spectro-
scopy measurements. A 150 mW beam of 532.15 nm radiation,
produced by a solid state Nd:YVO, laser was focused on the crystal
platelet. The scattered light was collected and analyzed by a multi-pass
tandem Fabry-Perot interferometer [12] and the signal was detected
by a photomultiplier tube. The sample platelets were loaded ina 1 cm
diameter cylindrical chamber obtained by drilling a hole in a brass
plate sandwiched between 500-um thick glass slides. The sample
chamber was filled with mineral oil for thermal dissipation, to prevent
sample overheating and dehydration during the experiment.

The experiments were performed in forward symmetric scattering
geometry [13]. The angle between the incident and scattered beam
outside the glass container was set to 70°. Brillouin scattering was

Table 3
Aggregate elastic moduli of ettringite in comparison with portlandite

Material Ettringite Portlandite H Portlandite L
(study) (this study) (experim.) (theor.)
Kr (GPa) 26.90+0.6 324 26.6
Gr (GPa) 9.0+0.1 134 13.9
Eg (GPa) 242+0.3 354 35.6
VR 0.35+0.01 0.32 0.28
Ky (GPa) 27.7+0.9 46.9 36.2
Gy (GPa) 9.9+0.1 19.3 22.7
Ey (GPa) 26.7+0.3 50.9 56.2
Y 0.34+0.01 0.32 0.24
Ky (GPa) 273+0.9 39.6 314
Gy (GPa) 9.5+£0.8 134 18.3
Ey (GPa) 25+2 431 459
VH 0.34+0.02 0.32 0.26
Kys- (GPa) 2715x0.19 37 28.9
Gpus- (GPa) 9.40+0.1 14.8 16.5
Eys- (GPa) 253+03 392 417
VHs— 0.34+0.01 0.32 0.26
Kys+ (GPa) 27.24+0.20 42.7 321
Gys+ (GPa) 9.50+0.1 16.9 19.5
Ens+ (GPa) 255403 449 487
VHs+ 0.34+0.01 0.32 0.25

H: Holyj et al. (1985) [2]; L: Laugesen (2005) [17].

Ki: bulk modulus. G;: shear modulus. E;: isotropic aggregate Young's modulus.

vj: isotropic aggregate Poisson's ratio.

Kg, Gg, Eg, vg: Reuss bounds. Ky, Gy, Ey, vy: Voigt bounds. Ky, Gy, Ey, vy: Hill averages.
Kus-,» Gus-» Ens-, vus-: Hashin-Shtrikman lower bounds. Kys+, Gus+, Ens+ vhs+: Hashin—
Shtrikman upper bounds.

measured in 36 crystallographic directions in the axial platelet and in
19 directions in the basal platelet. The collection time varied between
5 and 10 min depending on the measured direction.

At selected crystal orientations the measurements were performed
in different polarization conditions to enhance the signal to noise
ratio. Also some measurements were repeated at different sample
positions to test the homogeneity of the sample material. The pre-
cision of the frequency shift measurements is better than 0.5% for the
quasi-longitudinal mode and better than 3% for the quasi-shear mode.
The overall accuracy of the velocity determination was tested on
different standard materials at the same experimental conditions and
it is better than 1% of the measurement (see also [14]).

3. Results

The spectra collected from both examined crystal platelets show
only two spectral features from ettringite, one quasi-longitudinal and
one quasi-transverse acoustic mode. The second polarization of the
quasi-transverse mode is never visible due to the low elasto-optic
coupling in the directions that we examined. Representative spectra
for both platelets are presented in Fig. 2. The spatial dispersion of
acoustic sound velocity in the two crystallographic planes is plotted in
Fig. 3.

ettringite (a)

portlandite (b)

Fig. 4. (a) 3D structural model of ettringite. The most relevant structural unit is
represented by columns of [Al(OH)s]*” running parallel to the c-axis (z direction). The Al
(OH) octahedra (dark green) in the chains are alternating with Ca®* coordinating eight
water molecules (light green polyhedra). Yellow tetrahedra are [SO4]*~. (b) 3D structural
model of portlandite. The structure of portlandite is based on layers of [Ca(OH)g]*”
octahedra, stacked along the c-axis and with the hydrogens in the interlayer. The [Ca
(OH)g]*" octahedra are drawn in light green, oxygen atoms are represented by red
spheres and hydrogens by yellow spheres. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Ettringite crystallizes in the trigonal system (space group P31c)
and its second order elastic stiffness tensor has 6 independent non-
zero components: Cyj, Cia, Ci3, Crq, C33, C4q in contracted notation
[15]. We determined the acoustic velocity from the measured Brillouin
shift and we fit simultaneously all the elastic constants and the
orientation of the two measured platelets by inverting, for all the
measured acoustic velocities, Christoffel's equation [16]:

(Citamlklm — pv*3y)u; = 0, (1)

where Ciy, are the elastic constants in full notation, I and I,,, are the
direction cosines of the phonon, u; is the displacement vector, p is the
density, v is phonon's velocity, and &; is the Kronecker delta.

The best fit elastic constants are presented in Table 2. The goodness
of the fit is represented by the root-mean-square velocity misfit
between calculated and measured velocities that is 0.04 km/s. The
orientation of the two platelets was also refined using Eq. (1) and

correspond to (1 0.4 -0.3) and (-0.1 0.1 1) referred to a standard
Cartesian reference system with x; coordinate corresponding to the
a-crystallographic axis and xs; corresponding to the c-axis. The
orientations of the platelets correspond to (1 -0.15 -0.85 -0.57
~1070) and (-0.1 0.14 -0.04 1.91 ~0001) if referred to a hexagonal
reference system (Miller-Bravais indices). The uncertainties on the
orientations are better than 4°. The estimated uncertainties on the fit
constants are better than 1% for C;; and Cy5, better than 2% for Cy3,
C33, and Cy4g4, and as large as 34% for the nearly vanishing C4.

The spatial dispersion of both longitudinal and transverse acoustic
velocity is clearly anisotropic (Fig. 3). We can estimate the elastic
anisotropy by means of simple ratios of the elastic constants. The ratio
C11/C33=0.6410.01 describes the longitudinal elastic anisotropy while
the ratio Cgg/C44=0.60£0.01 describes the anisotropy of rigidity be-
tween the basal and axial planes. These ratios tell us that the stiffness
of ettringite, along the c-axis (along which columns of [Al(OH)g]>"
polyhedra are aligned) is 40% higher than perpendicular to it, and
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Fig. 5. Polar plot of the Young's modulus along directions in two orthogonal crystallographic planes of ettringite. (a) (0001) plane. (b) (0 1 -1 0) plane.
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the rigidity within the basal plane is 40% lower than along the c-axis
(Table 2). The elastic anisotropy of ettringite is substantially different
from that of portlandite [Ca(OH),] another important component of
cement with trigonal symmetry, which is characterized by long-
itudinal elastic anisotropy C;1/C33=2.9+0.2 and shear anisotropy Cee/
C44=3.810.8 [2,17].

4. Discussion

The Hill average of the Reuss and Voigt bounds [18] for the bulk
and shear modulus are Ky=27.3+0.9 GPa and Gy=9.5+0.8 GPa
respectively (Table 3). The tighter Hashin and Shtrikman bounds
were also calculated following the method outlined in [19] and they
are Kys-=27.15+0.19 GPa, Gys-=9.4+0.1 GPa, Kys.=27.24+0.20 GPa
and Gys+=9.520.1 GPa (Table 3). Our results show that ettringite is
less stiff than portlandite [2,17] with Ky 13% smaller and Gy 48%
smaller than Ca(OH),. The Hill aggregate Young's modulus of
ettringite is 25+2 GPa, and it is 45% smaller than portlandite (Table 3).

The elastic tensor of ettringite is strongly anisotropic. The
anisotropy is directly related to the main structural features of this
mineral. The chains of [AI(OH)g]*~ octahedra running parallel to the
c-crystallographic axis (Fig. 4) represent the stiffest structural
feature of ettringite and they are responsible for a 50% anisotropy
of the Young's modulus between axial and basal directions (Fig. 5).

The pattern of elastic anisotropy of ettringite is substantially
different from portlandite, reflecting the very different crystal struc-
ture of the two minerals. In fact portlandite is a typical representative
of the group of bivalent metal hydroxides (brucite group) that are
characterized by a layered structure. The structure of portlandite is
composed of layers based on Ca octahedrally coordinated by OH
groups, which are stacked along the c-axis with the hydrogens in the
interlayers (Fig. 4). The weak interactions at the interlayers, cause a
pronounced elastic anisotropy with a minimum of Young's modulus
along the c-axis. The elastic anisotropy is reflected in the crystal shape
of portlandite, which is platy, with well developed basal planes.

Both ettringite and portlandite are characterized by extremely low
elastic anisotropy (lower than 1% both in compression and in shear)
within the basal plane. Comparing the elastic stiffnesses of ettringite and
portlandite along directions in the basal plane we find that ettringite is
65% less stiff in compression (Cy1g/Ci1p=0.35, where Cyg is the elastic
stiffness of ettringite and Gp is the corresponding stiffness of port-
landite), and 81% less stiff in shear within the basal plane (Cggg/Cesp=
0.19). On the other hand ettringite is 40% stiffer than portlandite if
sheared in meridian planes (containing the three-fold symmetry axis),
confirming the fundamental difference between the pattern of elastic
anisotropy of these two trigonal minerals: ettringite with the c-axis as
the stiffest direction, and portlandite where the c-axis is the least stiff
direction.

In ettringite the larger strength of the interactions across the basal
face of the unit-cell is also reflected in the prismatic-fibrous crystal
habit with development of large prismatic faces and smaller basal
faces, while the opposite is true in portlandite, characterized by strong
interactions within basal planes and typical platy crystal habit with
large basal faces.

5. Conclusions
We have determined the complete elastic tensor of ettringite at

ambient conditions by Brillouin scattering. Ettringite is more than 30%
less stiff than portlandite. It has ~40% anisotropy both in terms of

compressional and shear moduli. In addition, the elastic anisotropy of
ettringite has a pattern with maximum stiffness along the c-axis and
minimum along directions in the basal plane, reversed with respect to
portlandite. Our results will enhance our ability to model the
properties of the early stages of cement paste consolidation and of
hardened concrete subject to sulfate attack.
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